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Coherent anti-Stokes Raman scattering (CARS) microscopy is a nonlinear Raman 
imaging technique that has received great attention for biological and biomedical 
imaging due to its ability of real-time, nonperturbative chemical mapping of live 
unstained cells and tissue based on molecular vibrations. However, some challenges in 
CARS microscopy still remain unsolved for its wider biomedical applications. For 
instance, the strong nonresonant background in CARS imaging deteriorates the image 
contrast which ultimately limits the sensitivity of CARS technique in bioimaging. The 
spatial resolution of CARS is limited by the light diffraction (~ submicron scales in 
resolution), which is unsuited for imaging the inter-/intra- cellular fine structures at 
nanoscales. Hence, the main objectives of this thesis work are to explore the near-filed 
CARS microscopy technique for nanoimaging, and to develop new technique for 
effectively suppressing the nonresonant background for high contrast imaging in 
biomedical systems. 
 To achieve these aims, we have employed the finite-difference time-domain 
(FDTD) technique as a numerical approach to studying the effects of different 
nanoparticle configurations and polarizations of excitation light on near-field CARS 
imaging. It was found that scatterers with diameters of less than three-eighths of the 
pump field wavelength (λp) are preferable to be oriented along the polarization 
direction of the excitation light fields due to the stronger electric field enhancement 
than that with other orientations, and the perpendicular polarization component of the 
induced near-field CARS radiations  from  scatterers’  smaller  than  half  a  wavelength  is  
localized  within  a  spatial  dimension  of  λp/16 due to the light scattering by the sample, 
which may be useful for high sensitive and high contrast molecular imaging in cells 
with nanoscale resolutions. It was also found that the signal to background ratio of 
near-field radially polarized CARS (RP-CARS) is 4.5 times higher than near-field 
linearly polarized CARS (LP-CARS) with the presence of scatterers in water, while the 
full width at half maximum and the depth of focus of near-field RP-CARS are 23% 
narrower and 39% shorter than near-field LP-CARS. These results indicate the ability 
of RP-CARS for high-contrast and high-resolution nano-scale vibrational imaging. 
 With the aid of theoretically modeling results, we have developed a radially 
polarized tip-enhanced near-field scanning CARS (TE-CARS) microscope for 
nano-scale vibrational imaging. Fast and precise positioning of the fiber tip at the focal 
region of the excitation light was realized based on the laser-scanning confocal 
 V 
imaging ability integrated in the system. Radially polarized light was used to improve 
the excitation efficiency and image contrast in cell imaging. 
 We have also developed a unique annular-aperture detection scheme to effectively 
suppress the solvent background for high contrast CARS imaging. The results show 
that the resonant CARS signal to nonresonant background ratio varies with both the 
scatterers’  sizes  and  the  annular  aperture  diameters  used,  and  can  be  improved  by  20  
folds in LP-CARS and 115 folds in RP-CARS by using an annular aperture. 
 Finally, we have also developed an integrated femto-/pico-second switchable 
CARS/SHG/TPEF multimodal nonlinear optical microscopy imaging technique for 
biomedical imaging. High-quality CARS/SHG/TPEF images were acquired on the 
same platform for qualitative and quantitative diagnosis of liver diseases in a 
bile-duct-ligation (BDL) rat model by analyzing the cell morphology and biochemical 
changes with time after the BDL surgery. 
 This research has systematically studied the near-field effects of nanoparticle sizes, 
orientations, polarization of excitation light on near-field CARS imaging using FDTD 
technique. We have developed a radially polarized near-field TE-CARS system for 
high-resolution vibrational imaging and a unique annular-aperture detection scheme 
for suppressing the solvent background. The novel tip-enhanced near-field CARS 
technique as well as the multimodal nonlinear optical microscopy imaging 
(CARS/SHG/TPEF) platform developed in the thesis work have great potential to 
provide new insights into better understanding of morphological, biochemical and 
biomolecular changes associated with tissue and cell pathologic transformation at the 
tissue, cellular and molecular levels without labeling. 
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Chapter 1 Introduction 
1.1 Overview 
Optical microscopy was invented in 1650 and first used in biological studies in the 
1660s [1]. Since then, many new methods have been developed in the illumination as 
well as the detection part of microscope to enhance the image contrast and resolution. 
Phase contrast and differential interference contrast (DIC) microscopy use special 
illumination to enhance the contrast of interfaces with refractive index mismatch [2, 3]. 
Although both techniques are label-free, they are not chemical-sensitive. 
Laser-scanning confocal fluorescence microscopy is another technique that has been 
widely used in life science [4], which significantly improves the image resolution with 
superior depth selectivity by adding a pinhole before the detector; however, those 
organisms without autofluorescence must have fluorophores by either 
gene-modification (e.g., the gene of green fluorescent protein [5]) or staining. These 
processes make it impossible to image intact biological samples with chemical 
selectivity. Molecular vibration spectroscopies based on Infrared or Raman signals [6-8] 
have been used for chemically analysis and disease diagnosis. But as an imaging 
technique, spatial resolution of infrared microscopy is poor due to the diffraction limit; 
while the low intensity of Raman signal limits its sensitivity and imaging speed. 
Surface enhanced Raman scattering (SERS) uses surface plasmon to significantly 
enhance Raman signals [9], but the requirement of nano-structured metal substrate or 
sample labeling by nano-metal particles makes it difficult to be utilized in biological 
applications in vivo. 
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The combination of ultra-short pulsed lasers and scanning microscopy generates a 
new category of imaging tools, nonlinear optical (NLO) microscopy, for life science 
applications [10]. One-beam NLO modalities include two-photon excitation 
fluorescence (TPEF) [11-13], second harmonic generation (SHG) [14-16], and third 
harmonic generation (THG) [17, 18]. In TPEF imaging, the sample needs either 
intrinsic fluorophores or artificial labeling, which limits its applications. SHG requires 
a noncentrosymmetric medium, and thus it can only image few biomolecules, such as 
collagen. THG is sensitive to either the gradient of refractive index or the third-order 
nonlinear susceptibility and thus can be used to image interfaces and inhomogeneities 
in the sample. 
As one of the two-beam modalities, coherent anti-Stokes Raman scattering 
(CARS) is a third-order nonlinear optical process, which has become a valuable tool 
for tissue and cell imaging based on the Raman-active vibrations of biomolecules 
[19-21]. The observation of the CARS process was reported for the first time by Maker 
and Terhune at the Ford Motor Company in 1965 [22], while the name of coherent 
anti-Stokes Raman spectroscopy was assigned by Begley et al. at Stanford University 
in 1974 [23]. The first CARS microscope was reported by Duncan et al. in 1982 [24]. 
However, the non-collinear configuration of pump and Stokes beams deteriorated the 
spatial resolution and the excitations in the visible wavelength resulted in relatively 
large nonresonant background due to two-photon electronic resonance. These 
drawbacks remain until 1999, when the present form of CARS microscope was first 
reported, i.e., collinear beam geometry with near infrared excitations [20]. The tight 
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focusing of collinear beams confines CARS generation within the tiny focal spot, and 
thus the phase-matching condition is relaxed [25], while infrared excitations decrease 
the background due to the reduced two-photon absorption by the sample. 
The advantages of CARS microscopy can be summarized as follows: (1) No 
fluorescent probes are needed since the contrast of CARS imaging originates from 
intrinsic molecular vibrations. (2) CARS intensity is several orders higher than 
spontaneous Raman intensity due to the constructive interference of generated CARS 
signals. This advantage makes real-time imaging possible by CARS. (3) CARS 
microscopy has a 3-dimentional (3-D) optical sectioning ability since the signal only 
generates in the focal region. (4) CARS signal is easy to be detected due to its shorter 
wavelength than the excitations. Despite the advantages of CARS microscopy, a major 
drawback is the nonresonant background from the sample and solvent because of the 
third-order electronic processes. which is not related to the molecular vibrations [26, 
27]. Another disadvantage is that the best spatial resolution of CARS microscopy is 
around 300 nm, which is limited by the diffraction of light. Various methods have been 
developed to overcome these two shortcomings, and are reviewed in Chapter 2. 
1.2 Motivations 
The motivations of the research work in this thesis are summarized as follows: 
1) Much simulation work has been done to study the effects of various factors (e.g., 
refractive index mismatch, focal-field distributions) on CARS imaging. Most of 
work focused on the situations in which there is only one spherical particle inside 
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the focal volume of excitation light fields for CARS generation. This assumption 
is different from the practical cases whereby the biological cells or molecules are 
likely to aggregate each other in aqueous environments. Thus, further simulation 
work is needed to study the CARS generation from multiple scatterers. 
2) The nonresonant background is a major drawback in CARS microscopy. The 
background from water and large scatterers in the sample greatly reduces the 
contrast of small scatterers. Although many methods have been developed to 
remove the nonresonant background, these methods attenuate the CARS signal 
intensity or complicate instrumental setups. Simple approaches for CARS 
microscopy need to be developed to improve the contrast of small scatterers. 
3) It is known that near-field CARS microscopy can achieve higher resolution than 
conventional CARS microscopy, but only very limited work has been done to 
either improve this technique or explore its applications. Furthermore, previous 
research work only used linearly polarized excitations. Therefore, it is interesting 
to study near-field CARS microscopy using excitations with other polarizations. 
4) In the diagnosis of liver diseases (e.g., steatosis and fibrosis), tissue biopsy with 
histological examinations are the gold standard, but it is invasive and impractical 
for mass screen of high-risk patients. Conventional biomedical imaging techniques 
lack sufficient sensitivity, spatial resolution and specificity for detecting and 
staging liver disease at an early stage. Therefore, it is highly desirable to develop 
advanced optical imaging techniques for less-invasive, label-free and quantitative 
assessment of early disease in the liver. Multimodal nonlinear optical microscopy 
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is capable of imaging various biochemical compounds in 3-D with submicron 
spatial resolutions. These advantages make it a promising tool for the diagnosis of 
liver diseases. 
1.3 Research Objectives 
The specific objectives of this research are as follows: 
1) To develop a numerical simulation method based on the finite-difference 
time-domain (FDTD) algorithm and use this method to study the near-field effects 
of CARS microscopy, including near-field CARS generation from two adjacent 
scatterers as well as the effects of scatterers’ sizes and the excitation polarizations 
on CARS microscopy. 
2) To extend the numerical simulation method from near-field to far-field and based 
on the analysis of the far-field CARS radiation patterns, develop a novel annular 
aperture detection scheme to significantly remove the nonresonant background 
from solvent for high-contrast vibrational imaging. 
3) To build an aperture-less tip-enhanced near-field CARS imaging system on a 
multimodal nonlinear optical microscope and apply radially polarized excitation 
light beams to increase the tip-enhancement for high-contrast and 
high-signal-to-noise-ratio near-field CARS imaging. 
4) To apply the integrated CARS and multiphoton imaging system to qualitatively 
and quantitatively study the progressions of hepatic fat and aggregated collagen 
formations as well as the change of the hepatocyte morphology at different time 
points after bile duct ligation (BDL) surgery in a rat liver model. 
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1.4 Thesis Organization 
This thesis includes seven parts: Chapter 1 is a brief introduction of this thesis. Chapter 
2 first introduces the fundamental theories, simulation and experimental methods of 
CARS microscopy; then reviews the major approaches for suppressing the signals 
from bulky samples and the applications of CARS in biological studies; finally, two 
prevalent liver diseases, i.e., liver steatosis and fibrosis, and their diagnosis methods 
are presented. Chapter 3 reports on the numerical study of CARS microscopy in the 
near-field region, including near-field CARS generation from two adjacent scatterers 
and the effects of   scatterers’   sizes  on  near-field CARS under tightly focused radially 
and linearly polarized light excitations. In Chapter 4, a radially polarized tip-enhanced 
CARS microscope is developed and demonstrated for nano-scale high-contrast 
vibrational imaging. In Chapter 5, a unique annular-aperture detection scheme is 
reported for high contrast CARS imaging of small scatterers. Its ability of suppressing 
the solvent background is demonstrated by both simulation and experimental results. 
Chapter 6 reports an integrated CARS and multiphoton microscopy platform and its 
application of qualitatively and quantitatively assessing liver fibrosis and steatosis for 
liver disease diagnosis. The final Chapter concludes and discusses future directions. 
 7 
Chapter 2 Literature Review 
2.1 Basic Theory 
2.1.1 Raman scattering 
Raman scattering was first discovered by an Indian physicist C. V. Raman in 1928 [28], 
which is an inelastic scattering of the incident light by the atoms or molecules of the 
materials. In classical theory, the source of the scattered light is the dipole P inside the 
material induced by the electric fields cos( )in intE  of incident light, which can be 
expressed as [29] 
 cos( ),in int P E  (2.1) 
where α is the polarizability tensor and in  is the angular frequency of the incident 
light. The polarizability is a material property that depends on the molecular structure 
and nature of the chemical bonds, i.e., molecular vibrations. The physical displacement 
dQ of the atoms from their equilibrium position for a particular vibrational mode with 
vibrational angular frequency of vib  can be expressed as 
 0 cos( ),vibd tQ Q  (2.2) 
where 0Q  is the maximum displacement from the equilibrium position. Since the 
displacement is usually small compared to the bond length, the polarizability can be 
written as a Taylor series expression as 
 0 ,d
     QQ  (2.3) 
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where 0  is the polarizability at equilibrium position. After Eqs. (2.2, 2.3) being 
substituting into Eq. (2.1), the induced polarization can be written as 
    00 cos( ) cos cos .2 inin in in vib in vibt t t
                   
Q EP E Q  (2.4) 
The above equation reveals that the induced dipole moments have three frequencies: 
in , in vib   and in vib  . The first one represents elastic scattering, e.g., Mie or 
Rayleigh scattering, while the second and third frequencies are referred to as Stokes 
and anti-Stokes scattering. 
 Light scattering can also be explained by semi-phenomenological quantum 
mechanics, in which the absorption and emission of a photon happens via a virtual 
energy state as shown in Fig. 2.1. The energy change of the emitted photons is 
determined by the energy difference of the two stationary states of the molecules in the 
transition process. According to the perturbation theory and the time-dependent 
Schrödinger equation, the probability of Raman process is several orders lower than 
that of Rayleigh scattering. At thermal equilibrium, most molecules resides at the 
lowest energy state following the Boltzmann distribution, and thus the Stokes Raman 
scattering is much stronger than the anti-Stokes Raman scattering. 
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Fig. 2.1 Energy diagram of light scattering. 
 Raman spectroscopy has become a useful tool to measure chemical compounds 
and analyze various materials, including gas, liquid and solids. Raman spectroscopy 
has also been applied to clinical diagnosis [30-40]. However, its sensitivity is limited 
by the low signal intensity compared with the intense fluorescence background; which 
is the reason for the long spectrum or image acquisition time. The weak Raman signal 
can be enhanced up to several orders by stimulated instead of spontaneous process, in 
which coherent anti-Stokes Raman scattering (CARS) is a widely used technique. 
2.1.2 Fundamental theory of CARS 
The interaction   of   light   field  with  materials   is   described   by   the  Maxwell’s   equation.  
Without free current, charge and no magnetization, in Gaussian unit, Maxwell equation 

























magnetic flux density, respectively; and 4 D E P .   It’s   easy   to   derive   an   equation  
relating the electric field E with the electric polarization P 
 
2 2
2 2 2 2
1 ( , ) 4 ( , )( ( , )) .t tt c t c t
      
E r P rE r  (2.6) 
 It has been theoretically and experimentally proved that at high field intensities the 
polarization P on the right-hand side of Eq. (2.6) should have the following 





: ...,  
   
    
P P P P
E EE EEE   (2.7) 
where )(n is the susceptibility tensor of rank n+1. The linear susceptibility is related to 
the complex dielectric constant by (1)1 4   . The second order 
susceptibility )2( and all the other even terms are always equal to zero in isotropic 
media such as gases and liquids and in centrosymmetric crystals. The third term )3( is 
the first non-linear term that is non-zero for all the media and is responsible for the 
CARS phenomena. The third-order susceptibility is a fourth-rank tensor containing 81 
elements, of which only a few are independent in a system with symmetry. For 
isotropic materials, such as liquids and gases, only three susceptibility terms are 
non-zero: (3) (3) (3) (3)1111 1122 1212 12211,  ,  ,       with (3) (3) (3) (3)1111 1122 1212 12211       [41]. For solid, 
please refer to references [42] and [43]. Neglecting the weak nonlinear terms of orders 
higher than 3 and considering one specific wavelength j , the wave equation with the 
third-order polarization explicitly isolated on the right-hand side of Eq. (2.6) can be 
derived into frequency domain as 
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       E r E r P r  (2.8) 
 Figure 2.2a shows the energy diagram of CARS process. Besides this process, 
there are still two kinds of nonresonant CARS generation: nonresonant transition (Fig. 
2.2b) and two-photon absorption (Fig. 2.2c), which are considered as the major 
drawback of CARS microscopy. 
 
Fig. 2.2 Three type of transitions contributing to the CARS generation. (a) The 
resonant transition. (b) The nonresonant transition. (c) Two-photon absorption. 
Solid lines indicate real states and dashed lines indicate virtual states. VG: 
Ground state, VR: Raman-active vibrational state, ΩR: Raman vibrational 
frequency, P: pump beam, S: stokes beam, Pr: probe beam. 
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where ΩR is the vibrational frequency and ГR is the half width at half maximum of the 
Raman line. ГR is a constant that represents the Raman scattering cross-section. When 
ωp - ωs is equal to ΩR, the resonant signal is maximized. )3(NR  is a real constant 
representing the nonresonant background CARS signal. 





















probe field and the pump field are derived from the same light source ( ppr   ). So 
the CARS polarization can be expressed as 
 (3) 2 *CARS p SP E E , (2.10) 
where pE  and SE  represent the pump and Stokes light fields, and *SE  is the 
complex conjugate of SE . 
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where L is the interaction length and k  is the phase mismatch, which is given by 
( )as p S     k k k k , where ask , pk  and Sk are the wave vectors of 
CARS, pump and Stokes fields, respectively. 
Fig. 2.3 Phase-matching condition of CARS. 
The phase-matching condition for maximized CARS intensity is L k , and thus 
CARS signal can only be detected in a certain direction, as shown in Fig. 2.3. 
2.2 Numerical simulation method for CARS microscopy 
2.2.1 FDTD method 
Many numerical methods have been employed to simulate CARS signal generation. A 




pump and Stokes light fields, and then Eq. (2.10) to calculate CARS signals [44]; 
however, it is assumed in this method that the light field distribution is not disturbed by 
the sample, e.g., the refractive index of the sample is the same as that of the 
surrounding medium. This assumption is not so accurate in some cases when the 
refractive index difference becomes too large to be ignored. To study the near-field 
CARS signal generation  more  accurately,  one  has  to  solve  the  Maxwell’s  equations  by  
considering indices of the sample as well as the surrounding medium. 
 In most practical cases, it is not possible to get the explicit solutions of Maxwell’s 
equations due to complex boundary conditions; however, the numerical solutions can 
be calculated by using the finite-difference time-domain (FDTD) method, which was 
firstly reported by Yee [45]. In this method, the space is discretized into uniform or 
un-uniform grids with intervals to be equal or less than 1/10 time of the wavelength of 
the electromagnetic field employed, assuming that the refractive index and the 
electromagnetic field within each small grid are uniform, and the time is also divided 
into very small steps. Then the spatial and temporal differentials in Maxwell’s 
equations can be approximated with finite differences, and thus the electric field at a 
given time and position E(r, tn) can be determined using the electric field of the 
position at previous time E(r, tn-1) and the spatial finite-difference of the magnetic 
fields of surrounding grids at time tn-1, where n is the index of time steps. The magnetic 
field H(r, tn-2) can be obtained using the H(r, tn-1) and the finite-difference of the 
electric field of surrounding grids at time tn. After sufficient iterations on electric and 
magnetic fields, the calculated electromagnetic field will converge to an explicit value 
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anticipated by Maxwell equations in the frequency domain. If there is no free electric 
charge and current source in the medium of interest, the Maxwell equations are written 
in SI units as 
 t
t




where H, D, E, and B stand for magnetic field, electric displacement, electric field, and 
magnetic flux density, respectively. The discretized equations with standard uniform 
grids in temporal and spatial domains for electric fields in the FDTD simulator for 3-D 
coordinates are as follows [46]: 
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where ( ) [2 ( ) ( ) ] [2 ( ) ( ) ]CA t t       r r r r r , ( ) 2 [2 ( ) ( ) ]CB t t    r r r , and r 
represent the position in the discretized grids. The discretized equations for the 
magnetic fields in the FDTD simulator can also be written similarly to the Eq. (2.13). 
After sufficient times of leapfrog iterations using these discretized equations, the 
electromagnetic field will converge to a stable value determined by the related 
boundary conditions. Based on this leapfrog approach in time-domain, the FDTD 
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simulator will determine not only the steady-state parameters (e.g., intensity 
distribution of the excitation light fields, phase and polarization of the localized light 
fields), but also the temporal evolution of these parameters against time. 
 The size of the simulated area in FDTD is limited by computer resources since the 
simulation program contains matrices to hold all the field variables and material 
properties. As the electromagnetic wave propagates to the edge of the allowable space, 
reflections would occur if nothing was done to modify the boundary, leading to wrong 
results. Thus proper absorbing boundary conditions (ABCs) are necessary and many 
approaches have been developed [46, 47]. In this thesis, one of the most flexible and 
efficient ABCs, the perfectly matched layer (PML), is used [48]. The basic theory is: 
when a wave propagates in medium A and impinges on medium B, the refection can be 





   , (2.14) 
where    and is determined by the dielectric constants ε and permeablilities µ 
of the materials. If the ratio    keeps constant, no reflection will occur at the 
interface. Moreover, by making ε and µ complex, the wave propagating inside the 
medium will decay and finally vanish. Therefore, by attaching this PML layer, the 
simulation space can be regarded as boundary-less and mimic free space. 
 To apply the FDTD method, an initial condition must be specified before the 
calculation can start, including the electromagnetic filed vectors of the excitation light 
sources and the medium inside the simulation volume. Once the initial condition is 
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given, the FDTD method is able to calculate the electromagnetic field distributions. 
The medium can be defined by the optical property at each grid point inside the 
simulation volume; while the excitation light source with arbitrary properties can 
defined. To simulate the focused incident excitation light fields, laser beams with 
different polarizations and pupil functions need to be incorporated into the FDTD 
program. For a linearly polarized Gaussian beam being tightly focused by a high 
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sin cos ( ) ( sin ) df ikzn n nI e g J k e
          , (2.16) 
where ( )ng   equals (1 cos ) , sin  and (1 cos )  for n = 0, 1, 2, respectively; 
nJ  is the first kind Bessel function of order n; 2 /k    is the wave vector, and 
max arcsin(NA )n  . 
 For a radially polarized Bessel-Gaussian beam, the electric field after being 
focused can be expressed as 
 1/2 2 cos0
0
( , ) 2 cos ( )sin ( ) ( ) ( sin ) dikzzE z iA l J k e

        , (2.17) 
 1/2 cos1
0
( , ) 2 cos ( )sin(2 ) ( ) ( sin ) dikzE z A l J k e


         , (2.18) 
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where β0=3/2 is the ratio of the pupil radius to the beam waist in the following studies.  
2.2.2 Near-field CARS simulation using the FDTD method 
After the electric fields have been computed by the FDTD method, the near-field 
CARS polarization can be calculated by Eq. (2.10). 
2.2.3 Far-field CARS simulation 
As the near-field  CARS  distribution  is  known,  according  to  the  Green’s  function,   the  
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where   and   are the cone angle and azimuthal angle; r and R indicate the 
near-field and far-field vectors; Rˆi , iˆΘ , and Φˆi  denote the spherical components of 
the CARS field (Fig. 2.4). The collected CARS radiation power (ICARS) can be 
calculated by integrating the Poynting vector over the spherical surface of radius R 
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where the acceptance cone   angles  Θ1 and  Θ2 are determined by the diameter of the 
annular aperture and the NA of the objective used. 
 
Fig. 2.4 Illustration of the tight focusing of the radially polarized pump and 
Stokes light fields into a spherical scatterer and the CARS radiation from the 
focal region with the definitions of the parameters used in the calculation. 
2.3 Instrumentations of CARS Microscopy 
A CARS microscope includes two major parts: laser sources and excitation/detection 
system. According to the different schemes used in excitation and detection, CARS 
microscopes can be categorized into three types: laser scanning CARS microscope, 
near-field CARS microscope and wide-field CARS microscope. Only the first two 
types are used and discussed in the study of this thesis. 
2.3.1 Laser sources for CARS microscopy 
The pump and Stokes excitations applied in CARS microscopy are ultrafast pulsed 
lasers. The wavelength and pulse width are the most import parameters to be 
considered. It has been proven that compared to visible (VIS) and ultraviolet (UV) 
r 









light, near infrared (NIR) light is the ideal excitation source for CARS microscopy 
because of several reasons. First, NIR light has lower photon energy and thus 
minimizes the nonresonant background resulting from the two-photon absorption [10, 
20, 24]. Second, the relatively low absorption of NIR light reduces photo-damage to 
the sample [49]. Finally, NIR light has longer penetration depth in scattering samples, 
which is important for imaging thick tissue. 
 As a third-order nonlinear process, CARS intensity is cubically dependent on the 
power of the incident light intensities [50] as described by Eq. (2.10); therefore, 
ultrafast pulsed laser is necessary for effective CARS generation due to its strong peak 
power. Picosecond (ps) and femtosecond (fs) lasers are commonly used in CARS 
microscopy. The ps-laser excitations with pulse width of several picoseconds provide 
the optimal spectral resolution and minimize the nonresonant background in CARS 
microscopy, since their spectral linewidth are comparable with that of the Raman 
vibrations of molecules [51]. While the fs-laser excitations have wider spectral line 
width and are normally used together with ps-laser in multiplex CARS spectroscopy 
and microscopy [52, 53]. 
2.3.2 Laser scanning CARS microscope 
Fig. 2.5 shows the schematic of a typical laser-scanning CARS microscope. The pump 
and Stokes should be spatially and temporally overlapped before entering the laser 
scanning microscope. Temporal overlap is realized by using synchronized laser sources 
and a delay line in either the pump or the Stokes beam; while the spatial overlap relies 
on the dichroic mirror and fine tune of the laser paths. After entering the microscope, 
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the excitation beams are tightly focused onto the sample by a high numerical aperture 
microscope objective. Three-dimensional imaging is realized by two-dimensional scan 
of laser beams in the horizontal plane using the scanner and one-dimensional scan 
through the vertical movement of the focusing objective. The CARS signal at each 
scanning point is recorded by the three photomultiplier tubes (PMTs) as shown in Fig. 
2.5. Due to the phase-matching condition as shown in Fig. 2.3, most CARS signals 
radiate in the forward direction and can be detected by PMT1 through a short pass 
filter set. Whereas the backward (epi-) propagating CARS (E-CARS) signal mainly 
comes from the small features and interfaces in the sample [25, 54] and can be 
detected by PMT2. 
 
Fig. 2.5 Schematic of a laser-scanning CARS microscope. 
2.3.3 Near-field CARS microscopy 
Besides its many advantages, the spatial resolution of CARS microscopy is still 
restricted by the diffraction limit of light. To further improve the spatial resolution, 
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detection or excitation in the near-field is necessary. In 2002, Schaller et al. combined 
CARS with near-field scanning optical microscope (NSOM) for chemically selective 
imaging of subcellular structure in human hepatocytes [55]. In this study, a chemically 
etched optic fiber probe with tip diameter of around 50 nm was used to collect the 
near-field CARS signal and a minimum spatial resolution of 128 nm was observed. To 
further improve the spatial resolution using fiber collection mode, the aperture size at 
the tip needs to be reduced; however, the optical transmission efficiency will decrease 
greatly due to its six-order relationship with the radius of a sub-wavelength aperture 
[56]. 
 To achieve both high resolution and signal sensitivity, electric field enhancement 
effect by surface plasmon polariton excitations is a promising technique [57]. In 
Raman spectroscopy, this technique is well known as surface enhanced Raman 
scattering (SERS) [58]. The surface enhancement effect is available not only for 
spontaneous Raman spectroscopy but also nonlinear spectroscopy that is expected to 
exploit fields of spectroscopic analysis of molecules. Several types of nonlinear optical 
processes such as second harmonic generation [59], sum frequency generation [59], 
and hyper-Raman scattering [60] were efficiently enhanced on metallic rough surfaces. 
 Surface-enhanced CARS from molecules located near the surface of small 
colloidal silver particles was first studied theoretically by Chew et al. in 1984 [61]. 
Maximum enhancement factors of about 104 for a particle with radius of 50 nm were 
estimated in the visible region. The experiment of surface-enhanced CARS was then 
realized by Liang et al. in 1994 on colloidal silver surface [62], and later on by 
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Ichimura et al. using gold nanoparticles [63]. This technique inherently has a potential 
for microscopy that can achieve a super spatial resolution beyond the diffraction limit 
of light because metallic nanostructures are used as a surface enhancer and its 
enhanced electric field is well localized at the proximity of the metallic structure [63]. 
This concept has been realized in Raman spectroscopy [64] by the development of 
aperture-less near-field scanning optical microscope (NSOM) using metallic 
nano-probes [65], which can also be used in CARS microscopy. 
 When a metallic probe with a nanometer-scaled tip is illuminated with an optical 
field, conductive electrons collectively oscillate at the surface of the metal as shown in 
Fig. 2.6. 
 
Fig 2.6 Oscillation of electrons in a metallic tip structure. 
 The free electrons (and the positive charges) are concentrated at the tip apex and 
strongly generate external electric field, which is strongly confined in the local vicinity 
of the tip. This tip-enhancement effect has already been used in Raman spectroscopy, 
and is known as tip-enhanced Raman spectroscopy (TERS) [55]. In CARS microscopy, 
besides the localized excitation light fields, CARS polarization can be further confined 
spatially and highly enhanced at the very end of the probe tip owing to its cubical 
dependence on the power of the incident light intensities [66], providing higher spatial 
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resolution than tip-enhanced spontaneous Raman scattering. Phase-matching condition, 
which has to be satisfied in the far-field-detected CARS, is not necessary to be 
considered in tip-enhanced CARS, since CARS signals are generated in a volume 
smaller than its wavelength. 
 The major components in tip-enhanced CARS microscope include excitation light 
sources, a metallic tip with precise tip-sample distance control, a 3-dimentional 
scanning sample stage, and detectors, etc. The combination of an inversed microscope 
and an atomic-force microscope is a common solution. Since the z-polarized 
component of the light field, which is along the axis of the tip, is dominant in the 
tip-enhancement process [67], the sample must be excited with longitudinally 
polarized fields. Two methods have been used to generate such excitation light fields: 
one is by using evanescent field and the other one is to directly utilize the longitudinal 
component of a tightly focused laser beam. The evanescent field is always created by 
total reflection method through either an oblique-excitation [65] or a normal-excitation 
scheme [68]. The latter one excites the sample using only the fringe light of laser 
beams focused by a high NA objective. 
 To directly utilize the longitudinally polarized component of the excitation light 
fields for tip enhancement, both tightly focused linearly and radially polarized laser 
beams have been studied. In 2004,  Kawata’s  group  applied tightly focused (NA = 1.4) 
linearly polarized excitations in near-field CARS imaging of the DNA network 
structure [69]. In this case, the excitation efficiency is very low, since the peak 
intensity of longitudinal component is estimated to be only around 4% of the total 
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electric field intensity at the focus theoretically. However, the longitudinal component 
dominates at the focus of a tightly focused radially polarized excitation light. Therefore 
radially polarized light is much more efficient for the tip-enhancement effect, which 
has recently been used in tip-enhanced two photon fluorescence microscopy [70]. 
2.3.4 Integrated CARS and multimodal nonlinear optical microscopy 
CARS microscopy is highly sensitive to lipid-rich biological compounds; however, to 
study the distributions of various chemicals in tissues, it is necessary to incorporate 
other nonlinear optical (NLO) microscopy techniques, such as SHG, THG, and TPEF. 
It is convenient to upgrade a CARS microscope into a NLO microscope by 
incorporating other nonlinear imaging modalities to get additional biochemical and 
structural information of the same imaging area in the sample. For example, TPEF is 
sensitive to the intrinsic fluorescent molecules in biological samples, e.g., fiber elastins, 
NAD(P)H, and FAD; SHG signals come from the non-centrosymmetric 
microstructures and can probe collagen fibrils in tissue; THG originates from either the 
gradient of refractive index or the third-order nonlinear susceptibility and thus can be 
used to image interfaces and inhomogeneities in the sample. A NLO microscope may 
include many modalities including two-photon excitation fluorescence (TPEF), second 
harmonic generation (SHG), third harmonic generation (THG), sum-frequency 
generation (SFG), and coherent anti-Stokes Raman scattering (CARS) [71-76]. NLO 
microscopy has many attractive properties for tissue imaging and disease diagnosis. 
First, it is a label-free imaging technique with chemical selectivity and specificity. 
Second, it has sub-micron meter spatial resolution, 3-D optical section ability and high 
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imaging speed. Third, compared with tissue biopsy, it is non-invasive and thus can get 
multiple sampling within one diagnosis to improve accuracy. The setup of a NLO 
microscope is similar to that of a CARS microscope; while additional filter sets need to 
be used for each imaging modalities. 
2.4 Suppression of Nonresonant Background in CARS 
Microscopy 
The nonresonant background is the major drawback of CARS microscopy. As 
described in Section 2.1.2, this background signal arises from the electronic 
contributions of both the surrounding solvent and biological samples, which distorts 
the spectral line shapes and degrades the vibrational contrast of CARS images. In 
current CARS instrumentation, picosecond NIR excitations are normally used, which 
is a simple but effective way to suppress the nonresonant background. Compared with 
VIS/UV light, NIR excitations have lower photon energies and thus reduce the 
nonresonant background arising from the two-photon absorption [10, 20, 24]; whereas 
laser with several picosecond pulse width has a comparable spectral bandwidth with 
that of the Raman lines (10-20 cm-1), which reduces the wavelength-independent 
nonresonant background. Besides using the proper excitation source, another direct 
method is to subtract the off-resonant CARS image from the on-resonant CARS image, 
which is first reported by Duncan et al. [77]. Based on this method, Ganikhanov et al. 
improved the detection sensitivity of CARS by modulating the Raman shift of 
excitations between on- and off-resonant and detecting the modulated CARS signal 
using a lock-in amplifier [78]. 
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 To further suppress the nonresonant background, many other techniques have been 
developed, such as polarization-sensitive detection [27, 79-87], time-resolved 
detection [52, 128-138], pulse-shaping technique [139, 140], interferometric technique 
[97, 141-147]. On the other hand, several techniques have been developed to suppress 
the CARS signal from bulky materials, such as backward (epi-) detection [25, 54, 127], 
counter-propagating excitation [44], focus-engineered technique [148, 149], which 
significantly increase the imaging contrast of small scatterers or interfaces in the 
sample. Some of these methods are described as follows. 
2.4.1 Backward (Epi-) detection CARS 
The CARS signal generated from homogeneous bulky material mainly radiates in the 
forward direction governed by the phase-matching condition as described in Section 
2.1.2. However, when the scatterer becomes small compared with the wavelength of 
excitation light, the interaction length L is significantly decreased. In the 
phase-matching condition, L k , k  is not necessary to be near to zero, 
which means the CARS radiation from small scatterer is towards all directions instead 
of being confined in the forward direction. Therefore epi-detected CARS (E-CARS) 
effectively increase the contrast of small objects or interfaces by rejecting the large 
CARS signals from the bulky medium [25, 54, 127]. However, this effect only holds 
for the imaging of thin samples; for thick samples, i.e., a piece of excised tissue, the 
E-CARS may also contains the radiation from bulky medium because the generated 
forward CARS photons may encounter multiple scatterings in the sample, eventually 
redirecting them back into the epi-direction. 
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2.4.2 Focus-engineered CARS 
In focus-engineered CARS, the phase of CARS field is shaped by using Stokes beams 
of higher-order Hermite-Gaussian (HG) or Laguerre-Gaussian (LG) mode, such as 
HG01, HG10 and LG01 [148, 149]. After phase shaping, the CARS signal exists in the 
sample only if a small scatterer or a discontinuity of the third-order nonlinear 
susceptibility is present, since CARS signal from bulky medium is suppressed due to 
the destructive interference of the signals generated in the focus. Similar to E-CARS, 
focus-engineered CARS is also sensitive to interfaces and small scatterers in the 
sample by suppressing the large signal from bulky medium. 
2.4.3 Polarization-sensitive CARS 
The polarization-sensitive CARS (P-CARS) is based on the polarization difference 
between the resonant and nonresonant signals, which is realized by using the pump and 
Stokes beams with different polarization angles [27, 79-87]. As shown in Fig. 2.7, the 
pump beam pE is linearly polarized along the x-axis while the Stokes beam SE  has a 
polarization angle of   with the x-axis. The x and y components of the nonresonant 
part NRP  of the third-order polarization can be written as 
 2 *11113 cos ,
NR NR
x p SP E E   (2.22) 
 2 *21123 sin .
NR NR
y p SP E E   (2.23) 
The nonresonant part PNR is linearly polarized at an angle of   with respect to the 
x-axis and its amplitude can be written as 
 NR 2 *11113 cos / cos ,
NR
P SP E E    (2.24) 
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where the angle   is related with   by tan tanNR   . 2112 1111NR NRNR    is the 
depolarization ratio of the nonresonant third-order polarization, and is equal to 1/3, 
following   the   Kleinman’s   symmetry   assumption [50]. Similarly, the x and y 
components of the resonant part RP  of the third-order polarization can be expressed 
as 
 ,cos3 *21111  SPRRx EEP   (2.25) 
 .sin3 *22112  SPRRy EEP   (2.26) 
 As the depolarization ratio of the resonant component, R , has a different value 
from that of the nonresonant component, the resonant third-order polarization is 
polarized in a different direction, and thus by placing a polarization analyzer 
perpendicular to the polarization direction of the nonresonant component as shown in 
Fig. 2.7, only the resonant signal is detected and its intensity is as follows 
 2 *11113 (cos sin sin cos ) .
R R
p s RP E E         (2.27) 
In order to get the maximum vibrational contrast, the angle   should be set as 71.6○, 
and accordingly,   has a value of approximately 45○. 
 P-CARS has been successfully demonstrated to remove the nonresonant 
background in CARS spectroscopy and microscopy [27, 150]. However, the detected 
signal intensity in P-CARS is quite low because it is just a small portion of the total 
resonant signal as can be seen in Fig. 2.7. This drawback severely limits its wide 
applications in biological studies. 
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Fig. 2.7 Schematic of polarization vectors for the pump and Stokes fields and 
the generated resonant and nonresonant CARS signals. The dotted line shows 
the analyzer orientation for detecting P-CARS. 
2.4.4 Time-resolved CARS 
Time-resolved CARS utilizes the difference in Raman free induction decay (RFID) 
between the resonant and nonresonant CARS processes [52, 128-138]. The 
nonresonant contribution of RFID has an instantaneous response to the excitation 
fields; while the resonant contribution has a longer decay time, which can be as long as 
several picoseconds. Time-resolved CARS can be experimentally realized in 
three-color CARS [131], in which the pump and Stokes beam are temporally 
overlapped, while the probe beam has a certain delay to generate only the resonant 
CARS signal. In degenerated CARS, a delayed and perpendicularly polarized probe 
beam is used to differentiate the resonant CARS signal [119]. The major drawback of 
time-resolved CARS is its low intensity level, since the largest resonant signal is not 
detected due to the delay of the probe beam. 
2.4.5 Interferometric CARS 
In spontaneous Raman scattering, the phase of Raman photons is random; however, 
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CARS is a stimulated process and thus its radiation is coherent, which can be used to 
suppress the nonresonant background by using interferometric detection [97, 141, 147]. 
In experiment, this can be realized by creating a reference CARS signal generated 
from a purely nonresonant sample and interferes with the signal from the sample [142]. 
Such method has been used to determine the real and imaginary part of the third-order 
nonlinear susceptibility [151]. Under broad-band excitation, the reference signal can 
also be generated by pulse-shaping of the excitation light [145, 152]. 
2.5 CARS Applications in Life Sciences 
The rapid technical developments during the last decade have enabled CARS 
microscopy to be widely applied to the chemical, materials, biological and medical 
sciences. One major advantage of CARS compared with Raman scattering is that in 
CARS process the inherently weak Raman-active molecular vibrations are greatly 
enhanced by several orders of magnitude, allowing fast imaging acquisition with high 
sensitivity. Further, the most unique property of CARS microscopy lies in its intrinsic 
chemical selectivity [10]. 
2.5.1 Cellular imaging 
CARS microscopy is sensitive to lipids and lipid-rich organelles because of the dense 
C-H bonds inside the molecules. Phospholipid bilayers and intact erythrocyte 
membrane were detected by CARS microscopy with the strong resonant signal of the 
C-H stretching vibration [153], and the experiment showed that CARS signals have a 
strong dependence on the direction of excitation polarizations. It has also been 
demonstrated that CARS microscopy can be used to image mitochondria as well as the 
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dynamic process of lipid transportation and accumulation in unstained live cells with 
3-D optical sectioning ability and diffraction-limited spatial resolution [20, 154-157]. 
 Water is also a target for CARS imaging due to the vibration of O-H bonds 
centered at 3300 cm-1, giving strong resonant CARS signals. CARS imaging of water 
has been applied to study biophysical transport parameters in living cells based on 
intracellular hydrodynamics [158, 159]. Another study shows that CARS signals from 
water molecules adjacent to lipid bilayers depends on the polarization direction of 
excitation, indicating that these water molecules are highly orientated [155]. 
 CARS microscopy has also been used to image nanoparticles, such as metal oxide 
nanoparticles for drug delivery, gold nanorods and carbon nanotubes [160-165]. These 
studies show that CARS microscopy has potential applications in medicine and 
material science. 
2.5.2 Tissue imaging  
Besides the applications in the cellular level, CARS microscopy has also been applied 
to tissue imaging. Skin was the first target of in vivo CARS imaging since it is the 
outermost organ and easy to be accessed. Evans et al. used CARS microscopy to 
image the ear skin of a living rat [95]. Depth-resolved CARS images of lipid showed 
various tissue structures in the skin, including sebaceous glands, corneocytes, and 
adipocytes, and the imaging depth was around 100 μm. Myelin sheath is important part 
to the neuron with high lipid concentration. Cheng’s group did much work on CARS 
imaging of myelin sheath to study its relationship with the malfunction and diseases of 
nerve system [166-175]. Fatty liver is a prevalent liver disease that may develops into 
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liver steatohepatitis, cirrhosis, or even hepatocelluar carcinoma. CARS microscopy 
was applied to analyze the lipid concentration in a rat model without the need of 
sample preparation, which can be a promising technique for fatty liver diagnosis [176]. 
Many other samples were also studied by CARS microscopy, such as blood [177], hair 
[178] and brain tissue [166, 179]. 
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Chapter 3 Numerical Study of Near-field CARS 
It is known that the CARS signal generated from a given sample is proportional to the 
product of the density of molecules, the square of the pump field intensity, and the 
Stokes field intensity. As such, under a spatially uniform illumination condition, the 
CARS technique can be used to determine the density of the molecules and the 
molecular structures in samples. This is the fundamental assumption in most wide-field 
or far-field studies on CARS microscopy [180]. However, the resonant Raman signal, 
in fact, is generated only from specific chemical bonds of molecules in the samples, 
and the CARS signal is determined by the local excitation light fields surrounding the 
chemical bonds, rather than just simply being determined by the illumination light 
fields. In the cases of CARS studies on small structures in cells or intracellular 
organelles, if the physical size of targets of interest (e.g., mitochondria, membranes) is 
equivalent to or even smaller than the wavelength of excitation light used, it is 
expected that the evanescent waves generated due to the near-field effects could 
dominate the local light fields within the molecule, and vary with a number of 
near-field factors such as the refractive index mismatch, the edge effect, surface 
roughness, etc. [69,181]. That is, the spatially uniform illumination light field may not 
be the only excitation light source for generating the CARS signals [181]. For a given 
molecule, the induced nonlinear polarization component depends not only on the 
nonlinear coefficient and the illumination light fields, but also on the local light field 
distribution [69, 182-184]. Hence, the near-field effects should be taken into account in 
CARS microscopy particularly on nano-molecular imaging [55]. 
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3.1 Effects of light polarization, scatterer sizes and 
orientations on near-field CARS 
Most of simulation work focused on the situations in which there is only one spherical 
particle inside the focal volume of excitation light fields for CARS generations [185]. 
This assumption is different from the practical situations whereby the biological cells 
or molecules are likely to aggregate each other in aqueous environments. If the sizes of 
these molecules or cells are equivalent to or smaller than the wavelength of excitation 
light, two or more of these scatterers could be excited simultaneously within the focal 
volume for CARS generations. Hence, in this work, we select two adjacent spherical 
nanoparticles as scatterers positioned inside the excitation focal volume to mimic the 
biological system for near-field CARS imaging. We also employ an advanced 
numerical technique- the finite-difference time-domain (FDTD) method [45, 46, 185] 
for  investigating  the  influences  of  the  excitation  light  polarization,  the  nanoparticles’  
sizes and orientations on the induced near-field CARS radiations. 
 35 
3.1.1 Simulation method 
 
Fig. 3.1 Schematic diagram of CARS experiments (a) and three different 
configurations  of  nanoparticles’ distributions with respect to the polarizations of 
the pump and Stokes light fields (b, c, d). 
In the simulation, the collinear pump and Stokes light beams are in parallel 
polarizations with each other, and then collinearly focused onto the sample by passing 
through a high numerical aperture (N.A. = 0.9) microscope objective as shown in Fig. 
1(a).   The   calculation   volume   was   divided   into   cubic   cells   of   λp/60 at each step, 
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Stokes  beam  λs is chosen to be 852 nm, and then the generated CARS signal is at 670 
nm, representing a resonant Raman shift of 1600 cm-1 of mono-substituted benzene 
rings stretching vibrations in polystyrene beads [186]. The refractive indices of the 
scatterers (polystyrene beads) and surrounding medium (water) are assumed to be 1.59 
and 1.33, respectively [187]. To study the size effect on near-field CARS signal 
generation, the scatterers’  sizes  are  selected  in  the  range  of  λp/4  to  λp. 
 To   investigate   the   influences   of   scatterers   or   nanoparticles’   orientations  with  
respect to the excitation polarizations on near-field CARS radiations, three different 
configurations are chosen as illustrated in Figs. 3.1(b, c, d), respectively. That is: (i) 
two nanoparticles are aligned along the z direction while the polarizations of pump 
and Stokes light fields are in the y direction; (b) two nanoparticles are arranged 
along the y direction with respect to the polarization directions of pump and Stokes 
light fields being along the y direction; and (c) two nanoparticles are arranged along 
the y direction with respect to the polarization directions of pump and Stokes light 
fields being along the x direction. 
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3.1.2 Influence   of   scatterers’   orientations   on   excitation   fields   and  
near-field CARS signals 
 
Fig. 3.2 Distributions of the focused pump field Ey with y-polarization in the y-z 
plane for the two scatterers arranged in the z-direction (a) and in the y-direction 
(b). (c) and (d) are the corresponding  amplitude profiles along the dashed lines 
in 3.2(a) and 3.2(b), respectively. 
Figs. 3.2(a, b) depict the electric field distributions of the pump light with 
y-polarization in the y-z plane for the two different nanoparticle orientations: (a) along 
the z-direction, and (b) along the y-direction. The corresponding amplitude profiles of 
Ey are displayed in Figs. 3.2(a) and 3.2(b), respectively. A similar filed distribution for 
the Stokes light on the y-z plane of the nano-scatterers is also obtained (data not 
shown). The excitation light field is significantly enhanced at the scatterer-water 
interface especially in the y direction (red curves indicated in Figs. 3.2(c) and 3.2(d)). 
This phenomenon could be attributed to the near-field enhancements (e.g., the 
generation of the non-propagating evanescent waves due to the index mismatch at the 
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much larger than the surrounding water, the conservation of the electric displacement 
D at the interface leads to an enhanced electric field in water [183, 187]. When the 
nanoparticles oriented along the z direction, the amplitude of the electric field inside 
the particles remains a relative constant (fluctuation <10%, blue curve in Fig. 3.2(c)); 
however, when the scatterers are oriented along the y direction that is parallel to the 
excitation light polarization, the corresponding amplitude of the electric field between 
the scatterers is approximately 1.8-fold higher than that at the nanoparticle-water 
interface (Fig. 3.2(d)). This can be subjected to the enhancement effect of the 
constructive interference of the enhanced near-fields between the scatterers. Hence, the 
excitation   field   distributions   due   to   different   scatterers’   orientations   under   different  
excitation polarizations can significantly affect the near-field CARS generations. 
 
Fig. 3.3 Distributions of the induced third-order polarizations (Py components) 
in the y-z plane under the excitation polarizations in the y-direction and the 
scatterers’   orientations   along   the   z-direction (a) and the y-direction (b). 
Distributions of the induced third-order polarizations (Px components) in the x-y 
plane under the excitation polarizations in the y-direction   and   the   scatterers’  
orientations along the z-direction (c) and the y-direction (d). The corresponding 
amplitude profiles along the dashed lines in the top panel are displayed in the 
bottom panel. 




















































 Figures. 3.3(a, b) show the distributions of the induced third-order polarizations 
(Py) in the y-z plane under the excitation polarizations in the y-direction and the 
scatterers’  orientations  along  the  z-direction and the y-direction, respectively, and the 
corresponding amplitude profiles are displayed in the bottom panel. When the 
nanoparticles arranged along the z direction (Fig. 3.3(a)), the induced CARS signals 
have a sharp peak at the vicinity of nanoparticle-water interface along the y direction 
due to the refractive index mismatch as elaborated above. The CARS amplitude inside 
the nanoparticles is approximately a quarter smaller than the peak signal at the 
nanoparticles/water interface. However, when the nanoparticles oriented along the y 
direction (Fig. 3.1(c)), the CARS peak signal at the upper and lower surfaces of 
nanoparticles decreases by 40% compared to the CARS signal from the particles 
arranged along the z-direction, and the CARS signal between the nanoparticles 
remarkably increases, yielding an approximately 2-fold improvement in intensity 
compared to the signal at the particle/water interface (second panel of Fig. 3.3(b)). 
Hence, the orientations of nanoparticles arranged parallel to the polarization direction 
of excitation light fields are more favorite for generating larger near-field CARS 
radiations. 
 Figures 3.3(c, d) show the induced nonlinear polarizations components (Px) in the 
x-y plane which is perpendicular to the excitation polarization under the configurations 
shown in Figs. 3.1(b) and 3.1(c), respectively. Compared with the component Py 
parallel to the excitation field polarization (Figs. 3.3(a, b)), the perpendicular 
component Px is about one order of magnitude smaller than the component Py (Figs. 
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3.3(c, d)). On the other hand, the Px component of CARS signals is mainly confined 
within the subsurface of nanoparticles or at the nanoparticles/water interface. It can 
also be seen from the amplitude profiles in the second panel of Figs. 3.3(c, d) that the 
perpendicular component Px has a very sharp peak with a full width at half maximum 
(FWHM) of ~ λp/16 which is at least 4 times narrower than the FWHM of Py (Fig. 
3.3(b)). Furthermore, the image contrast of CARS signals provided by the 
perpendicular component Px can reach up to 200 (Fig. 3.3(c)). These superior features 
arising from the perpendicular component of near-field CARS imaging could be 
utilized for revealing the very fine structures of cells (e.g., membrane, mitochondria) 
with nanoscale resolutions (resolution of 47 nm (=750 nm/16)). 
3.1.3 Influence of the excitation light polarization on near-field CARS 
signals 
If the two nanoparticles are oriented along the z direction as shown in Fig. 3.1(b), they 
have rotational symmetry along the z-axis, such that the field distribution and also the 
generated CARS radiation pattern will not be affected by the change of polarization 
directions of the excitation light fields (no matter changing to the x- or y-direction). 
But this is not the case when the scatterers are arranged perpendicularly to the 
z-direction as shown in Figs. 3.1(c, d). 
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Fig. 3.4 Distributions of the induced polarization component Px in the y-z plane 
(a); in the x-y plane (b); and the component Py in the x-y plane (c), respectively. 
The bottom panel shows the corresponding amplitude profiles along the dashed 
lines indicated in the top panel. Note that the scatterers are oriented along the 
y-direction while the excitation light polarization is along the x-diection (Fig. 
3.1(d)). 
 Figure 3.4 shows the distributions of the Px component in the y-z plane, x-y plane 
and the Py component in the x-y plane, respectively, under the excitation light 
polarization along the x-direction. The Px intensity in the y-z plane inside the 
nanoparticles is about 2 times stronger than that in surrounding water, and there is an 
intensity drop due to destructive interference of CARS fields between the two 
nanoparticles (Fig. 3.4(a)). But the enhanced near-field CARS signals can be observed 
at the nanoparticle-water interface along the x direction, due to the refractive index 
mismatch at the interface (Fig. 3.4(b)). On the other hand, the induced polarization 
component Py which is perpendiculr to the excitation light polarization also gives a 
strong near-field CARS signal within the subsurface of nanoparticles or at the 
nanoparticles/water interface  with  a  FWHM  of  ~  λp/16 (Fig. 3.4(c)) which is at least 4 












































times narrower than the FWHM of Py (Fig. 3.4(b)). By comparing the near-field 
CARS results between the two different excitation configurations (Figs. 3.1(c, d)), the 
parallel component of the induced nonlinear polarization in Figs. 3.4(a, b) is about 
80% lower than that in Fig. 3.3(b), and the perpendicular component in Fig. 3.4(c) is 
55% lower than that in Fig. 3.3(d). It should be pointed out that the contrast of 
near-field CARS images for the perpendicular components under the two different 
excitation configuration (Figs. 3.1(c, d)) can give rise to 200 with a FWHM of λp/16 
(Figs. 3.3(c) and 3.4(c)). This again confirms the possibility of applying the 
perpendicular near-field CARS component for high sensitive and high contrast 
molecular imaging in cells with nanoscale resolutions. 
3.1.4 Effect  of  the  scatterer’  s  size  on near-field CARS signals 
 
Fig. 3.5 The induced third-order nonlinear polarizations (Py) in the y-z plane for 
nanoparticles  with   different   diameters   (a=   λp/4;;   b=  3λp/8;;   c=   λp/2;;   d=  3λp/4; 
e=λp) under the excitation light polarization along the y-direction with the 
nanoparticles orientated in the z-direction (first panel), and the y-direction 
(second panel), respectively. The corresponding amplitude profiles along the 
dashed lines in the first and second panels are displayed in the bottom panel. 
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 Figures 3.5(a-e) show the induced nonlinear polarizations (Py) in the y-z plane for 
nanoparticles with diameters of λp/4,   3λp/8,   λp/2,   3λp/4,   and  λp, respectively, under 
the excitation light polarization along the y-direction. The first and the second panels 
show the amplitude distributions under the excitation configurations indicated in Figs. 
3.1(b, c), respectively, and the corresponding amplitude profiles are displayed in the 
bottom panel. It is observed that when the nanoparticles are orientated along the z 
direction, the induced nonlinear polarizations inside nanoparticles increase up to 
3.5-fold with the increased diameters of nanoparticles (ranging from λp/4  to  λp) (red 
curves shown in the third panel of Fig. 3.5). This probably is due to the reason that 
with   the   increased   scatterer’s   sizes,   the   incident   excitation   light   tends   to   be   more  
focused onto larger nanoparticles, leading to a stronger excitation light field 
distributions inside the larger nanoparticles than those in smaller nanoparticles. On the 
other hand, it is also found that the near-field enhancement at the nanoparticles/water 
interface   decreases   with   the   increased   nanoparticle’s   sizes   (data   not shown). This 
phenomenon could be attributed to the weaker efficiency of generation of evanescent 
waves associated with larger nanoparticles [183]. In contrast, when the nanoparticles 
are orientated parallel to the excitation light polarization (Fig. 3.1(c)), the amplitude of 
the induced nonlinear polarizations (Py) decreases by almost 50% with the increased 
diameters  of  nanoparticles  (ranging  from  λp/4  to  λp) (black curves shown in the third 
panel of Fig. 3.5). One notes that  if  the  diameters  of  nanoparticles  are  less  than  3λp/8, 
the induced nonlinear polarization (Py) between the nanoparticles is about 1.7-fold 
larger for the particles orientated parallel to the excitation light polarization than that 
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for the particles aligned perpendicularly to the excitation light polarization (shown in 
the third panel of Figs. 3.5(a, b)); while the converse is true for the nanoparticles larger 
than  λp/2 (shown in the third panel of Figs. 3.5(c-e)). Therefore, the near-field CARS 
enhancement between the nanoparticles is more dominant for smaller nanopartilces, 
while a more effective focusing of the excitation light fields can be observed from 
larger nanoparticles for generating near-field CARS radiations. 
 
Fig. 3.6 The induced nonlinear polarizations (Px) in the x-y plane under the 
excitation light polarization along the y-direction for nanoparticles with 
different diameters (a= λp/4;;   b=   3λp/8;;   c=   λp/2;;   d=   3λp/4;;   e=λp) being 
orientated in the z-direction (first panel), and the y-direction (second panel), 
respectively. The corresponding amplitude profiles along the dashed lines in the 
first and second panels are displayed in the bottom panel. 
 We also study the change of the induced nonlinear polarization component (Px) of 
the nanoparticles in the x-y plane which is perpendicular to the y-polarized excitation 
light  with   respect   to  different  diameters  of  nanoparticles   ((a)=  λp/4, (b) =3λp/8, (c)= 







     



































amplitude distributions under the excitation configurations indicated in Figs. 3.1(b, c), 
respectively. The corresponding amplitude profiles along the dashed lines in the first 
and second panels are displayed in the bottom panel. The perpendicular components of 
the induced polarization (Py)   decrease   with   the   increased   nanoparticle’s   diameters  
(ranging   from   λp/4   to   λp)   for   the   two   different   nanoparticles’   orientations (Figs. 
3.1(b,c)); while the near-field CARS peak positions gradually shift from the 
nanoparticle/water interface into the inner side of nanoparticles with the FWHM 
increasing   rapidly   from   less   than   λp/16 (Fig. 3.6(a))   up   to   over   λp/4 (Fig. 3.6(e)). 
Obviously, the near-field CARS enhancement at the nanoparticles/water interface 
becomes  more  dominant  for  smaller  nanopartilces  (≤  λp/2) (Figs. 3.6 (a-c)). This can 
also be related to the effective generation of evanescent waves associated with smaller 
nanoparticles [55, 183]. The above results reconfirm that no matter the small scatterers 
(≤  λp/2) are orientated parallel or perpendicularly to the light propagation direction, the 
perpendicular polarization component of the induced near-field CARS radiations is 
always strictly confined within the subsurface of scatterers or the scatterer/water 
interface, leading to high sensitive and high contrast molecular imaging with high 
spatial  resolutions  (down  to  λp/16). 
3.1.5 Summary 
 In this work, we applied the advanced numerical technique based on the 
finite-difference time-domain   (FDTD)   method   to   numerically   resolve   Maxwell’s  
equations without the need of boundary conditions for studying the influences of the 
excitation   light   polarization,   the   scatterers’   sizes   and   orientations   in   water   on   the  
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near-field CARS signal generations. The simulation results show that the near-field 
CARS radiations strongly depend on the excitation light polarization, the 
nanoparticles’ sizes and orientations (Figs. 3.2-3.6). For the scatterers with physical 
sizes of much less than the excitation light wavelength, the excitation light fields can 
be strongly enhanced owing to the generations of evanescent waves particularly at the 
scatterer-water interface, as well as the light field interference between the 
nanoscatterers, resulting in an additional highly localized excitation light field (Fig. 
3.2) for enhancing near-field CARS radiations (Figs. 3.3-3.6). Compared to the 
near-field light field distributions and CARS radiations generate from a single 
nanoscatterer configuration [185], the local field enhancements from the two 
nanoscatterers owing to the near-field effect (e.g., evanescent wave generation) and 
also light field constructive interference between the two nanoscatterers can be 
significantly improved. For instance, the local field enhancement for the scatters with 
diameters  of  ~λp/4 can be 2.2 times stronger, resulting in a 4.5-fold improvement in 
the near-field CARS signals compared to the single nanoscatter configuration [185]. 
Our further simulations show that the enhancement of the perpendicular component of 
near-field CARS signals only takes places in the regions within the scatterer-water 
interface or the subsurface of the scatterers, leading to a high sensitive and high 
contrast   molecular   imaging   with   a   spatial   resolution   of   down   to   λp/16 that is far 
beyond the diffraction limit of an optics system [188]. Therefore, near-field effects can 
play a significant role in nanoscale CARS microscopy. With the advantages of the 
perpendicular polarization which is strictly confined to the scatter-water interface, the 
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perpendicular polarization near-field CARS microscopy can be potentially useful to 
provide high contrast of CARS images for revealing very fine structures of inter- 
and/or intra- cellular organelles (e.g., membrane) in cells with nanoscale resolutions. 
One notes that such near-field distributions and near-field CARS imaging could be 
directly mapped out by using near-field detection schemes, such as near-field scanning 
optical microscopy (NSOM) [55, 182-184], and nonlinear optics (e.g., tip-enhanced 
CARS microscopy) [69, 181, 189], which can realize vibrational imaging of 
nanostructures far beyond the spatial resolution of far-field CARS microscopy. 
3.2 Effects   of   scatterers’   sizes   on   near-field CARS under 
tightly focused radially and linearly polarized light excitation 
3.2.1 Simulation method 
 
Fig. 3.7 Schematic of near-field LP-CARS or RP-CARS field (ECARS) 
generation under tightly focused linearly polarized (e.g., y-polarized) or radially 
polarized pump (Ep) and Stokes (Es) light fields through a high NA objective. 
LP-CARS, linearly polarized CARS; RP-CARS, radially polarized CARS. The 
calculation volume was divided into  cubic  cells  of  λp/40  at  each  step,  where  λp 
(750  nm)  is  the  pump  beam  wavelength,  and  the  wavelength  of  Stokes  beam  λs 
is chosen to be 852 nm, and then the generated CARS signal is at 670 nm, 
representing a resonant Raman shift of 1600 cm-1 of mono-substituted benzene 
rings stretching vibrations in polystyrene beads [186]. The refractive indices of 
the scatterer (polystyrene beads) and the surrounding medium (water) are 
assumed to be 1.59 and 1.33, respectively [187]. 
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Figure 3.7 shows the schematic of the RP-CARS or LP-CARS field (ECARS) generation 
in FDTD simulations, in which the radially or linearly polarized pump (Ep) and Stokes 
(Es) light beams are tightly focused onto a spherical nano-scatterer (e.g., polystyrene 
beads) by passing through a high numerical aperture water immersion microscope 
objective (NA = 1.2). 
3.2.2 Results and discussion 
 
Fig. 3.8 Comparison of near-field CARS intensity distributions in the y-z plane 
between the RP-CARS (z-component) (a) and the LP-CARS (y-component) (b) 
generated from pure water. Comparison of the intensity profiles of RP-CARS 
and LP-CARS in the lateral (c) and axial (d) directions along the corresponding 
lines indicated in Figs. 3.8(a) and 3.8(b). One notes that depth of focus (DOF) is 
defined as the FWHM of the intensity profile along the axial direction. 
 Figure 3.8 shows the near-field intensity distributions of RP-CARS (a) and 
LP-CARS (b) generated from pure water in the y-z plane. The intensity profiles along 
the lateral direction [Fig. 3.8(c)] show that the full width at half maximum (FWHM) of 
RP-CARS radiation is 272 nm, which is 7.7% narrower than LP-CARS (FWHM of 
293 nm). This indicates the advantage of RP-CARS microscopy for providing higher 
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transverse resolution for molecular imaging. The above is consistent with our 
analytical results in RP-CARS imaging [197], showing the reliability of our FDTD 
method for CARS simulation. We also compare the depth of focus (DOF) between 
RP-CARS and LP-CARS radiations [Fig. 3.8(d)]. RP-CARS radiation at the focal 
region has a 6.5% longer DOF than LP-CARS (DOF of 984 nm). Although the above 
results are calculated in a uniform medium (i.e., water), they will also be valid for 
other  uniform  bulky  media  with  the  scatterers’  sizes  being  much  larger  than  the  focal  
spot size. 
 
Fig. 3.9 Near-field intensity distributions of RP-CARS and LP-CARS for 
scatterers  with  diameters  of  (a)  0.1λp;;  (b)  0.25λp;;  (c)  0.5λp; (d) 0.75λp; and (e) 
1.0λp, respectively. The first and third panels represent the intensity 
distributions in the y-z plane for RP-CARS and LP-CARS, respectively. The 
corresponding intensity profiles along the white lines in the first and third 
panels of Fig. 3.9 are plotted in the second and fourth panels, respectively. 
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 Figure 3.9 shows the near-field intensity distributions of RP-CARS and LP-CARS 
for  the  scatterers  in  water  with  diameters  of  (a)  0.1λp;;  (b)  0.25λp;;  (c)  0.5λp;;  (d)  0.75λp; 
and   (e)   1.0λp, respectively. The first and third panels represent the intensity 
distributions in the y-z plane for RP-CARS and LP-CARS, respectively. The 
corresponding intensity profiles along the axial direction are shown in the second and 
fourth panels. The maximum intensity of RP-CARS radiation increases rapidly with 
the increased sizes of scatterers, reaching to 120 times of that in pure water (second 
panel of Fig. 3.9). This is probably due to the reasons that the excitation light tends to 
be more focused onto larger nanoparticles, leading to a stronger light field distributions 
inside larger nanoparticles than those in smaller scatterers [198]. In addition, the 
conservation of the electric displacement D in the polarization (z) direction also leads 
to an enhanced electric field adjacent to the nanoparticle-water interface [183]. The 
intensity enhancements at both of the nanoparticle-water interfaces along z direction 
for small scatterers  (D≤0.5λp) could be attributed to the near-field enhancements (e.g., 
the generation of the non-propagating evanescent field [183, 185, 198], which 
decreases rapidly  with   the   increased   scatterers’   sizes   [185, 198]. Similar phenomena 
can also be observed in LP-CARS, i.e., enhanced signals at the nanoparticle-water 
interfaces along the polarization (y) direction   for   small   scatterers   (D≤0.5λp), and the 
increase  of  intensity  with  increased  scatterers’  sizes  (fourth  panel  of  Fig.  3.9); however, 
the maximum enhancement factor of LP-CARS intensity is 20, which is only 1/6 of 
that in RP-CARS radiation. These results show that near-field RP-CARS microscopy 
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is more sensitive to the nanoparticle-water interface, which could be in favor of 
revealing the fine structures of biological samples. 
 
Fig. 3.10 The full width at half maximum (FWHM) (a) and the depth of focus 
(DOF) (b) of RP-CARS and LP-CARS with water alone, and with water and 
scatterers in different sizes (D = 0.1λp,   0.25λp,   0.5λp,   0.75,   and   1.0λp). Note 
that   the   values   at   zero   scatterer’s   size   means   the   scattering   medium   is   pure  
water. 
 Figure 3.10 compares the FWHM and DOF between RP-CARS and LP-CARS 
radiations in water alone, and in water and scatterers with different  sizes  (D  =  0.1λp, 
0.25λp,  0.5λp,  0.75,  and  1.0λp). Obviously, the transverse resolution of RP-CARS is 
much narrower than LP-CARS in both situations (i.e., with water alone, and with 
water  and  scatterers),  giving  a  minimum  value  of  127  nm  (D  =  0.25λp), which is 23% 
narrower than LP-CARS and 47% of that with water alone [Fig. 3.10(a)]. The 
relatively large FWHM of LP-CARS in Fig. 3.10(a)  with  scatterer’s  size  of  0.25λp is 
due to the near-field enhancements at the upper and lower surfaces of the scatterer 
[185, 198] [third panel of Fig. 3.9(b)], which broadens the field distributions along the 
y-direction. Different from FWHM, the DOF of RP-CARS is smaller than LP-CARS 
only when the scatterers exist in the light propagation medium, and the value decreases 
down  to  67  nm  (D  =  0.5λp), which is 39% shorter than LP-CARS and 6% only of that 
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with water alone [Fig. 3.10(b)]. These results indicate that the nano-scatterers in 
medium significantly reduce the focal spot volume in both longitudinal and transverse 
directions in RP-CARS and LP-CARS microscopy. However, this narrowing effect of 
CARS radiation becomes more prominent in RP-CARS microscopy, illustrating the 
advantages of RP-CARS to provide both higher transverse and longitudinal resolutions, 
particularly suited for three-dimensional imaging of fine cellular structures in 
biological systems. 














Scatterer's size (x p) 
 
Fig. 3.11 Comparison of signal to background ratios (SBR) of RP-CARS and 
LP-CARS versus scatterers’  sizes  (D  =  0.1λp,  0.25λp,  0.5λp,  0.75,  and  1.0λp). 
 Figure 3.11 shows the signal to background ratios (SBR) of near-field RP-CARS 
and LP-CARS   radiations   with   different   scatterers’   sizes   (D   =   0.1λp,   0.25λp,   0.5λp, 
0.75,   and   1.0λp). The SBR of RP-CARS increases rapidly with the increased 
scatterers’  sizes  (up  to  225  when  the  scatterer  is  1.0λp). This is probably due to the fact 
that RP-CARS radiation tends to be more concentrated in the forward direction for 
larger scatterers [first panel of Figs. 3.9(c)-3.9(e)], resulting in a sharp and intense 
peak centered at the water-scatterer interface [second panel of Figs. 3.9(c)-3.9
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However, the SBR of LP-CARS remains nearly unchanged (fluctuating at around 40) 
with   the   increased   scatterers’   sizes, and this is due to the more diffuse near-field 
distributions of LP-CARS with larger scatterers [third panel of Figs. 3.9(c)-3.9(e)]. It is 
also   observed   that   when   the   scatterer’s   size   is   larger   than   a   half   wavelength   of   the  
pump light field, near-field RP-CARS radiation has a much higher SBR than 
LP-CARS;;  whereas  the  converse  is  valid  when  the  scatterer’s  size  is  smaller  than  the  
half wavelength of the pump light field. Hence, near-field LP-CARS microscopy 
provides a better contrast for imaging the smaller scatterers  (D<0.5λp); while for the 
larger scatterers, near-field RP-CARS microscopy provides much higher contrast of 
image with higher spatial resolutions. 
3.2.3 Summary 
In this work, we applied the advanced numerical technique - finite-difference 
time-domain (FDTD) method to numerically resolve the Maxwell equations without 
the   need   of   boundary   conditions   for   investigating   the   effects   of   scaterers’   sizes   on  
near-field RP-CARS and LP-CARS radiations. The simulation results show that 
near-field CARS radiations are strongly influenced by the scatterers in the light 
propagation medium. With the presence of scatterers in water, the SBR of near-field 
RP-CARS can reach up to 220, which is 4.5 times higher than near-field LP-CARS 
(Fig. 3.11). The FWHM and DOF of RP-CARS and LP-CARS decrease due to the 
existence of scatterers in the medium, resulting in the reduced focal spot sizes of 127 
nm and 164 nm in the transverse direction as well a shorter focal length of 67 nm and 
110 nm, respectively (Fig. 3.10). Therefore, near-field radially polarized CARS 
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microscopy has a great potential of providing higher contrast and higher axial and 
transverse resolutions in three-dimensional imaging of fine cellular structures in 
biological systems. One notes that the near-field distributions and near-field CARS 
imaging could be directly mapped out by using near-field detection schemes, such as 
near-field scanning optical microscopy (NSOM) [55, 182, 183], and nonlinear optics 
(e.g., tip-enhanced CARS microscopy) [181, 189], which can realize vibrational 
imaging of nanostructures far beyond the spatial resolution of far-field CARS 
microscopy. 
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Chapter 4 Near-field CARS Imaging 
In this Chapter, we developed a tip-enhanced near-field CARS imaging system aiming 
for vibrational imaging of biological samples at nano-scale resolutions. Radially 
polarized (RP-) excitations were also introduced into the near-field CARS imaging 
system developed to improve the excitation efficiency and the CARS imaging contrast 
with a high signal-to-background (SBR) ratio. Compared with using linearly polarized 
excitation, the signal intensity of RP-TE-CARS is 5.7-fold stronger and the SBR is 
24-fold higher. The spatial resolution is characterized to be 42 nm. We demonstrated 
the capability of our TE-CARS system by imaging sub-micrometer polystyrene beads 
and mitochondria samples. 
4.1 Introduction 
Coherent anti-Stokes Raman scattering (CARS) microscopy is a third-order nonlinear 
Raman imaging modality that has been developed as an useful tool in biological and 
biomedical studies due to its ability of label-free imaging of live cells and tissues as 
well as various chemicals with chemical selectivity and specificity based on molecular 
vibrations [20, 54, 157, 179, 197]. Since the revival of CARS microscopy [20], 
collinear geometry of the pump and Stokes beams and tight focusing have become the 
most widely used excitation schemes, in which the CARS signal generation is strictly 
confined in the overlapped focal region of the two beams, resulting in the relaxation of 
phase-matching condition and also the improvement of spatial resolution. But the best 
spatial resolution of CARS microscopy is still limited by the diffraction limit, which is 
about 300 nm [20]. To extend the spatial resolution beyond the diffraction limit, 
 56 
several methods have been proposed theoretically [143, 190-192], including structured 
illumination in wide-field CARS microscopy and depletion of the CARS radiation at 
the rim of the focal region, which uses the same idea with that of the stimulated 
emission depletion in fluorescent microscopy [193, 194]; however, no experimental 
results have been reported Another approach is to apply near-field CARS combining 
CARS with near-field scanning optical microscopy (NSOM). Near-field CARS using 
an aperture-type NSOM was demonstrated by Schaller et.al., where a fiber probe was 
used to collect the CARS radiation [55]. But the spatial resolution and sensitivity is 
limited by the aperture size. An alternative type, tip-enhanced CARS (TE-CARS), uses 
a metallic tip to excite the surface plasmon and enhance both the excitation and CARS 
fields at the tip proximity, and due to the third-order nonlinearity, TE-CARS provides 
higher spatial resolution than conventional aperture-less NSOM and tip-enhanced 
Raman microscopy. 
 Most of the previous work on TE-CARS was done by Kawata's group [69], where 
linearly polarized excitations were used. However, such kind of excitation is not 
efficient, since only the longitudinally polarized electric field can be enhanced by the 
tip, whose intensity is quite weak in the focus of a linearly polarized light. Recently, 
radially polarized laser beams have attracted increasing attention because of their 
unique light distribution properties at the focal point by using a high numerical 
aperture (NA) objective, i.e., a tighter focal spot size and a very strong longitudinal 
field component [195], which has been used in CARS microscopy to detect the 
longitudinally orientated molecules [197]. In this paper, we report a radially polarized 
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tip-enhanced CARS (RP-TE-CARS) microscope by combining tightly focused radially 
polarized excitations with a home-made aperture-less NSOM system. It was shown 
that RP-TE-CARS has higher signal-to-background ratio (SBR) and requires lower 
excitation power, which was demonstrated by imaging polystyrene beads and 
mitochondria. 
4.2 Sample Preparation 
Latex polystyrene beads with mean diameter of 0.3 and 0.1 μm (Sigma-Aldrich) 
suspended in water were casted on a cover slip, and then heated by a hot plate. After 
the water dried, the beads on cover slip were used for the experiment with the Raman 
shift being tuned to the CH2 vibration frequency (2845 cm-1). 
 Mitochondria were isolated from HeLa cells, which were grown at 37°C in a 
humidified atmosphere containing 5% CO2 in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin and 1% 
streptomycin. Most of the isolation procedure was performed following the protocol 
provided with the commercial mitochondrial isolation kit (BioVision, U.S.). Hela cells 
were harvested and centrifuged in ice-cold PBS at 600G (~4°C) for 5 mins. The pellet 
was re-suspended in 1 mL cytosol extraction buffer (provided by the kit) with 1 L 
DTT plus 2 L protease inhibitor serum. Subsequently, it was homogenized with a 
pre-chilled 10-ml tissue grinder (Radnoti Glass, USA) within an ice-bath. The cell 
lysate is centrifuged at 700G (~4°C) for 10mins to spin down the broken cell 
membrane. The supernatant is eventually centrifuged at 10,000G (~4°C) for 30mins to 
pellet the mitochondria. Throughout the entire isolation process, the mitochondria were 
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kept in near 4oC environment to ensure the viability of the sample. Then the 
mitochondria suspension was casted on a cover slip and dried for experiment. 
4.3 Experimental Setup 
Figure 1 shows the schematic of our RP-TE-CARS system. The output of a 
femtosecond Ti:sapphire laser (wavelengths tunable from 700 to 1000 nm; pulse 
duration of 120 fs; repetition rate of 76 MHz; horizontal polarization; Mira 900, 
Coherent Inc.) pumped by an Nd:YVO4 laser (10 W Verdi, Coherent Inc.) is divided 
into two parts by a beam splitter. One of the laser beams works as the pump beam, and 
the other beam is used to pump an optical parametric oscillator (OPO) (wavelengths 
tunable from 1100 to 1600 nm, Coherent Inc.) to produce the Stokes beam for CARS 
microscopy. The radially polarized pump and the Stokes light fields are effectively 
generated through coupling the linearly polarized pump and the Stokes light beams 
into a pair of liquid-crystal-based radial polarization converters (working range of 
400-1700 nm, ARCoptix S.A., Switzerland) [196]. The radially polarized pump and 
the Stokes light beams are collinearly combined through a dichroic mirror 
(LW-45-RU780-TU946, CVI), delivered into a confocal laser scanning microscope 
(FV300, Olympus) with a customized backward-detection channel (PMT2), and then 
focused onto the sample by a high NA microscope objective (UPlanSApo, 40x, NA of 
0.9, Olympus), which is placed on an 2-dimentinal piezoelectric stage fixed on the 
microscope sample stage. A home-made tuning-fork based atomic force microscope 
(AFM) scanning unit is fixed on the microscope sample stage. The AFM probe has a 
tungsten tip (aNexus, Singapore) with a 30-nm gold coating and is glued onto the 
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tuning fork. This customized system can acquire TE-CARS, confocal and conventional 
CARS images from the same sample. The TE-CARS imaging is realized by 
sample-scan using the piezoelectric stage; while laser-scan is used in the confocal and 
conventional CARS imaging. PMT1 and PMT2 are detectors for confocal imaging and 
CARS imaging, respectively (R3896, Hamamatsu). The reflected TE-CARS signal is 
filtered out from the possible far-field CARS signal by a lock-in amplifier (SR844, 




Fig. 4.1 (a) Schematic of the radially polarized tip-enhanced near-field CARS 
microscope. DM, dichroic mirror; L, lens; M, mirror; MO, microscope objective; 
F, filter; PZT, piezoelectric transducer; PH, pin hole; BS, beam splitter; PMT, 
photomultiplier tube. (b) Photograph of the near-field scanning system, 
including the probe-scanning and sample-scanning units on the stage of the 
confocal microscope and the CCD camera for monitoring the tip of the probe. (c) 
Photograph of the tuning-fork based probe and the sample stage. (d) Photograph 
of the screen of the monitor connected to the CCD camera, showing the tip and 
its reflection image from the sample surface. 
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4.4 Fast Positioning of the Tip 
In aperture-less NSOM and tip-enhanced CARS, it is crucial to position the tip inside 
the illumination region of the excitation or the focus of the laser beams. In our case, 
the pump beams with a wavelengths of 830 nm is focused by a high NA microscope 
objective (NA = 0.9) and thus the focus size is estimated to be around 460 nm. 
Normally, in such situation, a 3-D SNOM image of the laser spot is needed to locate 
the focus and then, move the tip to make them overlap by a piezoelectric stage. 
However, such process is time-consuming and needs to be done once the system is 
restarted. This problem can be easily solved in our system by the confocal module 
using the following steps. First get a clear white-light reflectance confocal image of the 
sample by moving the focusing objective in the vertical directin so that the sample is 
inside the focal plane. During the laser scan, the scanning laser lines can be seen by the 
CCD, which is used to monitor the tip and sample surface. Then under the assistance 
of the CCD, manually move the tip to the center of the laser scan region. During the 
process of the tip approaching to the surface, concentric rings appear in the confocal 
image. After the tip is approached to the surface, it can be seen as a tiny spot by 
confocal imaging as shown in Fig. 4.2. Once the tip position is known, use the 
software Fluoview (comes with the Olympus FV300 microscope) to change the 
scanning mode to “point scan”, in which the laser focus is fixed at a selected point. 
Then the final step is just to set the focus at the same position as the tip. 
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Fig. 4.2 A confocal image showing the process to make the tip and focal spot 
overlap with each other. The image size is 5 x 5 µm. 
4.5 AFM and Aperture-less NSOM imaging 
In order to characterize the spatial resolution of our system, an AFM image of a 
200-nm GaAs grating sample is taken, which is shown in Fig. 4.3(a). The line-scan 
profile is shown in Fig. 4.3(b), in which points A and B represents the 10% and 90% of 
the peak-to-valley of the slope. The horizontal distance between A and B is 42 nm, 
representing the lateral spatial resolution. 
 
Fig. 4.3 (a) An AFM image of 200-nm GaAs grating sample (1 x 1 µm). (b) 
Line scan profile. A and B represents the 10% and 90% of the peak-to-valley of 
the slope. 
 Figure 4.4 shows aperture-less NSOM images (a, c) and the corresponding AFM 
images (b, d) of a 300-nm polystyrene bead under linearly (a, b) and radially (c, d) 
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polarized excitations. It can be seen in Fig. 4.4(a) that the bead has relatively lower 
intensity than the cover slip in the NSOM image. This is because the light field 
intensity at the upper surface of the bead is decreased due to the scattering rather than 
focusing of light by the bead with small size compared with the wavelength, which has 
been discussed in Section 3.1.4. However, in Fig. 4.4(c), the center of the bead is 
bright and has a similar intensity level as that of the cover slip. This significant 
difference compared to the linearly polarized NSOM image in Fig. 4.4(a) results from 
the radially polarized excitation used. As has been discussed in Section 3.2.2, the 
enhancement of electric field occurs at the interfaces perpendicular to the polarization 
direction of the light, therefore, when radially polarized excitation is used, the electric 
field at the upper surface of the bead will be enhanced and then, further enhancement 
induced by the metallic tip finally contributes to the high intensity in the center of the 
bead (Fig. 4.4(c)). 
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Fig. 4.4 NSOM image of a 300-nm polystyrene bead under linearly (a) and 
radially (c) polarized excitations. The corresponding AFM images are shown in 
(b) and (d), respectively. The size of the images is 1.5 x 1.5 µm. Note that the 
beads in (a, b) and (c, d) are not the same one. 
 One notes that a discontinuity appears in Fig. 4.4(b) at the up-left side of the bead, 
above which the images show a shadow-like shape at the left side of the bead. This 
phenomenon is caused by a manually decreasing of the scanning speed from 1 s/line to 
1.5 s/line. The reason is because when the scanning speed is too fast and the sample is 
too high, the vertical movement of the tip is not fast enough to follow the profile of 
sharp edges. Moreover, the scanning direction is from right to left, therefore the 
shadow appears at the left side of the bead at high scanning speed. To reduce such 
shadow-like artifacts, the scanning speed or the distance between the tip and the 
sample or both of them need to be decreased. It should be pointed out that decreasing 
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the tip-sample distance resulting in an increased force between them, which may cause 
unwanted damage to the sample or the tip. 
4.6 Near-field CARS imaging 
Figure 4.5 shows the measured TE-CARS intensity with different tip-sample distance. 
As can be seen that the intensity of TE-CARS has an exponential relationship with the 
tip-sample distance and most signals generate within a distance below 60 nm, 
confirming that the TE-CARS signal results from the tip-enhancement effect and 
therefore only exists within a limited distance above the sample surface. 




























Fig. 4.5 Measurement of TE-CARS intensity with tip-sample distance. 
 Figure 4.6(a, b) shows the comparison between radially polarized and linearly 
polarized TE-CARS images of polystyrene beads with sizes from 100 nm to 300 nm. It 
can be seen that the image contrast and signal level of RP-TE-CARS are significantly 
higher than LP-TE-CARS. This is due to the stronger longitudinal component of the 
tightly focused radially polarized light, which contributes most to the tip-enhancement. 
From the intensity profiles shown in Fig. 4.6(d), the intensity of RP-TE-CARS is 
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5.7-fold higher, and the signal to background ratio of RP-TE-CARS is 24-fold higher 
than LP-TE-CARS. These results confirm that radially polarized excitations are 
preferred in near-field CARS imaging. One notes that the TE-CARS images of beads 
in Fig. 4.6(a, b) are smaller than the corresponding AFM images (Fig. 4.6(c)), which is 
due to the enhancement of the longitudinal field occurring at the upper surface of the 
beads, which does not exist at the side surfaces. This phenomenon has also been 
observed in the radially polarized NSOM image (Fig. 4.4(c)). 
 
Fig. 4.6 Comparison between radially polarized (a) and linearly polarized (b) 
near-field TE-CARS images of polystyrene beads with sizes from 100 nm to 
300 nm. The corresponding AFM image is shown in (c). (d) Intensity profiles 
along the white lines in (a) and (b). The Raman shift was tuned to symmetric 
CH2 stretching band at 2845cm-1. The size of the images is 1.5 x 1.5 µm. One 
notes that images (a) and (b) are taken from the same area of the sample with a 
slight displacement, therefore only one AFM image is shown. 
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 Figure 4.7 shows a near-field TE-CARS image (a) and the corresponding AFM (a) 
image of the surface of a mitochondrion. It can be seen from the AFM image (Fig. 
4.7(a) that the size of the mitochondrion is around 600 nm with a relatively smooth 
surface profile; however, an obvious hole with a size of around 80 nm is observed in 
the TE-CARS image (Fig. 4.7(b)), which is likely to be a pore formed on the 
membrane during HeLa cell apoptosis, emitting lower CARS signals due to the 
absence of lipid bilayers. These results indicate that TE-CARS could map the 
biochemical distributions at nanometer scales. 
 
Fig. 4.7 AFM (a) and near-field TE-CARS (b) images of a mitochondrion. The 
Raman shift was tuned to symmetric CH2 stretching band at 2845cm-1 for the 
imaging of lipid bilayers of the membrane. 
4.7 Summary 
 In conclusion, we successfully developed a radially polarized tip-enhanced 
near-field CARS system for vibrational imaging of biological samples at nano-scale 
spatial resolutions. By using radially polarized excitations, the signal intensity is 
enhanced 5.7 times and the signal-to-background ratio is improved 24-fold times. A 
spatial resolution of 42 nm was also achieved. It is expected that this TE-CARS 
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technique could be a promising tool for studying morphological, biochemical and 
biomolecular changes at the cellular and molecular levels without labeling. 
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Chapter 5 Annular aperture-detected CARS 
microscopy for high contrast vibrational imaging 
In this chapter, a unique annular aperture detection scheme in CARS microscopy was 
proposed to effectively remove the nonresonant solvent background for high contrast 
vibrational imaging. Excitations with three different polarizations were considered to 
study the effect of this detection scheme, i.e., linear, radial and azimuthal polarizations. 
The ability of this scheme was investigated through the FDTD method and 
demonstrated by high-contras imaging of polystyrene beads and epithelial cells. 
5.1 Annular-aperture Detected Radially Polarized CARS 
5.1.1 Method 
Figure 5.1 illustrates the schematic of an annular aperture detected RP-CARS 
microscopy for both the forward- and backward-CARS detection. The radially 
polarized pump and Stokes light fields are tightly focused into a scatterer (i.e., 
polystyrene bead) by a high NA objective for CARS generation. The annular aperture 
detection in the forward and backward directions uses aperture stops to block the 
central  part  of   the  objective’s  aperture.  The  pump  beam  wavelength   λp is selected at 
750 nm; whereas the Stokes beam λS is 852 nm. The CARS radiation wavelength λCARS 
is at 670 nm, representing the monosubstituted benzene rings stretch vibration at 1600 
cm-1 of polystyrene beads. Note that the dashed box represents the FDTD computation 
space that is divided into cubic cells of λp/40 at each step for simulations. The NAs of 
the focusing and collecting objectives are assumed to be 1.2 (water immersion) and 
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1.42 (oil immersion), respectively. The refractive indices of water and polystyrene 
beads are 1.33 and 1.59, respectively. 
 
Fig. 5.1 Illustration of the annular-aperture detected RP-CARS microscopy. 
 First, the CARS radiation field can be calculated using the method described in 
Section 2.2; and then, the far-field CARS intensity CARSI  after the annular aperture is 
the integration of the product of ( , , )AS R  E  and the transmission function of the 
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where Θ1 is determined by the diameter of the aperture stop (DS) and the numerical 
aperture (NA) of the objective ( S 1D sin NA  ), and α is the maximum acceptance 
angle of the collecting objective (water immersion, NA = 1.2). 
5.1.2 Results and Discussions 
 
Fig. 5.2 (a) Far-field RP-CARS radiation pattern from a scatterer (D= 0.5p) 
centered at the focus under the tightly focused radially polarized pump and 
Stoke fields excitation with a water immersion objective of NA 1.2. The x, y and 
z axes are in arbitrary units. Only the radiation in the range -π/2   ≤  Φ   ≤   π   is  
displayed for clarity. (b) Far-field RP-CARS radiation patterns generated from 
the scatterers at different diameters (D= 0.1p, 0.5p, 1.0p, and 2.0p) as well 
the nonresonant background from water. The vertically dashed lines in the 
figure indicate the maximum acceptance cone angles of the microscope 
objectives for both the forward (NA=1.2) and backward (NA=1.42) CARS 
detection, respectively. 
Figure 5.2(a) shows an example of the far-field RP-CARS radiation pattern from a 
scatterer (D=0.5λp) centered at the focus under tightly focused radially polarized pump 
and Stoke fields excitation with a water immersion objective (NA of 1.2). It is 
observed that the RP-CARS radiation pattern is doughnut-shaped, with the radiation 
confined within the cone angles depending on the scatterers’   sizes   and   the  objective  
NA used [197]. Figure 5.2(b) shows the comparison of RP-CARS radiation patterns 
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generated from the scatterers at different diameters (D=0.1λp, 0.5λp, 1.0λp, and 2.0λp) 
and the nonresonant background from water. For the forward RP-CARS detection 
using the oil immersion objective (NA = 1.42), the nonresonant back-ground from 
water increases with the acceptance cone angles ranging from 0° to 20° (maximum), 
and then rapidly falls when further increasing the acceptance cone angles (20° to 70°). 
The RP-CARS radiation patterns from the scatterers with a small diameter (≤ 0.1λp) or 
a large diameter (≥ 2.0λp, exceeding the focal volume of light beam) are similar to that 
of the nonresonant background radiation from water. However, the RP-CARS 
radiation from those scatterers with sizes of between 0.1λp and 2.0λp is much stronger 
than the nonresonant background within the acceptance cone angles ranging from 50° 
to 70° for the forward-detected direction, whereas this is the case for the acceptance 
cone angles from 115° to 150° for the backward-detected direction [Fig. 5.2(b)]. 
Therefore, by incorporating the suitable sizes of annular stop apertures into CARS 
detection paths, the nonresonant background from water can be significantly removed 






Fig. 5.3 (a) Calculated forward-detected RP-CARS (F-CARS) intensities of 
different scatterers (D= 0.1p, 0.5p, 1.0p, and 2.0p) using annular stop 
apertures with different diameters. (b) Relationship of the signal-to-background 
ratio (SBR) of F-CARS with different diameters of annular stop apertures. Note 
that the diameter of the annular stop aperture placed along the detection path is 
defined as the ratio of the diameter of the annular stop aperture (DS) to the 
diameter of the objective’s aperture (DA). 
 
Fig. 5.4 (a) Calculated backward-detected RP-CARS (E-CARS) intensities of 
different scatterers (D= 0.1p, 0.5p, 1.0p, and 2.0p) using annular stop 
apertures with different diameters. (b) Relationship of the signal-to-background 
ratio (SBR) of E-CARS with different diameters of annular stop apertures. 
 Figure 5.3 shows the changes of forward-detected RP-CARS (F-CARS) intensities 
and the corresponding signal-to-background ratios (SBR) with different diameters of 
annular stop apertures. Although the F-CARS radiation from the scatterers with 
different diameters (i.e., 0.1p to 2.0p) decreases by 4 to 5 orders in intensity with the 
increased diameters (i.e., 0 to 0.9) of annular stop apertures used, the lowest F-CARS 
















































































































intensity level is still comparable to that in backward-detected RP-CARS (E-CARS) 
without using any annular aperture (Fig. 5.4(a) at DS/DA=0); and the corresponding 
SBR of F-CARS radiation from the scatterers with diameters of 0.1p to 2.0p 
increases remarkably, particularly when the annular stop aperture is larger than 0.4 
(Fig. 5.3(b)). For instance, an SBR of 90 can be achieved for F-CARS radiation from 
the scatterer with a diameter of 1.0p when applying an annular stop aperture of 0.9 in 
diameter (acceptance cone angles range from 55° to 70°). We also calculate 
backward-detected RP-CARS (E-CARS) intensities and the corresponding SBR with 
different diameters of annular stop apertures in the detection path (Fig. 5.4). The 
E-CARS radiation from the scatterers with different diameters (0.1p to 2.0p) 
decreases by 1 to 2 orders in intensity with the increased diameters (0 to 0.9) of 
annular stop apertures used (Fig. 5.4(a)). The corresponding SBR of E-CARS radiation 
from the scatterers with diameters of 0.1p to 2.0p increases gradually with the 
increased diameters of annular stop apertures up to 0.8 (corresponding to acceptance 
cone angles ranging from 115° to 120°), at which the maximum SBR of ~ 1.2  104 
can be achieved for E-CARS radiation from the scatterer with a diameter of 1.5p (Fig. 
5.4(b)). One notes that the SBRs of both F-CARS and E-CARS radiation from very 
small scatterers (e.g., ≤0.1p) or large scatterers (e.g., ≥2p) under annular aperture 
detection are quite limited, which are only in the range of 1.2-3 for very small 
scatterers, or of 1.5-45 for large scatterers. This indicates that when applying the 
aperture detection scheme into RP-CARS microscopy for imaging biological systems, 
there are variations in image contrast improvements among different intercellular 
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and/or intracellular structures and organelles due to their different physical sizes and 
shapes in tissue and cells. 
5.1.3 Summary 
Compared with RP-CARS radiation without applying annular apertures (Figs. 5.3(b) 
and 5.4(b) at DS/DA=0), the annular aperture detection can improve the SBR of up to 
115 times for forward-detected RP-CARS imaging, and of ~55 times for 
backward-detected RP-CARS microscopy. This work demonstrates that the annular 
aperture detection scheme can effectively remove nonresonant background for high 
contrast vibrational imaging in RP-CARS microscopy. 
5.2 Annular-aperture Detected Linearly Polarized CARS 
5.2.1 Method 
Figure 5.5(a) illustrates the schematic of an annular aperture-detected linearly 
polarized CARS microscope for the forward CARS (F-CARS) detection. An annular 
stop aperture is inserted into the detection path of a conventional CARS microscope. 
The annular stop aperture size is characterized by the ratio of the diameter of the 
aperture stop (DS) to the diameter of the objective’s aperture (DA). The calculation 
process of annular-aperture detected CARS is similar to that in previous section (5.1.1) 
except that linearly polarized excitations are used in this study. Fig. 5.5(b) shows the 
geometry for the calculation of the far-field CARS radiation pattern. The calculation 
method is similar to that in section 5.1.1, except that linearly polarized Gaussian beams 
are used as the pump and Stokes excitation sources. 
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Fig. 5.5 (a) Illustration of the annular aperture-detected CARS microscope. 
Linearly polarized pump and Stokes light fields are coupled into a laser 
scanning confocal microscope for CARS imaging. An annular aperture is placed 
along the detection path after the filter set to block the central part of the CARS 
signal. The enlarged cross section view of the annular aperture is shown in inset 
of Fig. 5.5a. Ep and ES, linearly polarized pump and Stokes excitations; MO, 
microscope objective; F, filter set; L, lens; PMT, photomultiplier tube; DS, 
diameter of the aperture stop; DA, diameter of the objective’s aperture. (b) 
Geometry for the calculation of the far-field CARS radiation pattern from a 
spherical scatterer located at the excitation focus. R >> |r|; Φ, azimuthal angle; 
Θ, cone angle; D, diameter of the scatterer. 
5.2.2 Results and discussions 
Figure 5.6(a) shows the calculated CARS radiation from the focal volume at different 
cone angles Θ with the scatterers of different diameters (D= 0.1p, 0.5p, 1.0p, and 
2.0p; p, the wavelength of the pump field) and the nonresonant background from 
water. In the forward CARS detection (0° < Θ < 71°, determined by NA 1.42 of the 
objective), the nonresonant background signal of water solvent decreases with the 
increased cone angles, and the CARS radiation patterns from the scatterers with a 

























light beam) are similar to that from water. But when the  cone  angle  Θ is larger than 55° 
but less than 71°, the CARS radiations from small scatterers (0.1p < D < 2p) become 
much larger than background signal. This is due to the fact that the phase-matching 
condition, i.e., (2 )AS p S D  k k k  ( ASk , pk  and Sk  represent the wave 
vectors of the anti-Stokes, pump and Stokes fields, respectively), is satisfied only in the 
forward direction for the bulk medium (e.g., water); whereas for the small scatterers, 
0D  , the phase-matching condition is relaxed in large cone angles [12]. With the use 
of the increased diameter (ranging from 0.7 to 0.9) of the annular stop aperture, the 
more forwarded scattered nonresonant background signal from water is mostly blocked, 
while the CARS radiation from small scatterers can still pass through the ring of the 
annular stop aperture, thus the signal to background ratios (SBRs) of CARS imaging 
from scatterers (0.1p < D < 2p) increase remarkably [Fig. 5.6(b)]. For instance, an 
SBR of ~35 can be achieved for the scatterer with a diameter of 1.0p when applying 
an annular stop aperture of 0.9 in diameter, which is comparable with that of E-CARS 
(SBR ~40) from calculation; and the signal intensity level is also in the same range as 
that of E-CARS (about 10-1~10-2 of F-CARS). Therefore, an annular aperture with a 
suitable aperture size can be introduced into the detection path of CARS microscope to 
reject the nonresonant solvent background for high contrast imaging. 
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Fig. 5.6 (a) Far-field F-CARS radiation at different cone angles from the focal 
volume with scatterers of different diameters (D= 0.1p, 0.5p, 1.0p, and 2.0p; 
p, the wavelength of the pump field) as well the nonresonant background from 
water. The vertically dashed line in the figure indicates the maximum 
acceptance cone angle of the microscope objective (oil immersion, NA=1.42) 
for the forward CARS detection. (b) Relationship of the signal-to-background 
ratio (SBR) of F-CARS with different diameters of annular stop apertures used. 
Note that the diameter of the annular stop aperture placed along the detection 
path is defined as the ratio of the diameter of the annular stop aperture (DS) to 
the diameter of the objective’s aperture (DA). 
 Figure 5.7 shows comparison of F-CARS images of polystyrene beads acquired 
with different particle sizes (300, 800 and 1100 nm) using conventional CARS [(a)-(c)] 
and annular aperture-detected CARS [(g)-(i)] techniques. Although conventional 
CARS imaging provides a relatively strong signal, the large nonresonant background 
from the solvent outside the beads results in a poor contrast of CARS image especially 
for the sub-wavelength scatterers [SBR of ~ 1.3 Fig. 5.7(d), and of ~ 4 in Fig. 5.7(e)]. 
The large polystyrene bead (e.g., diameter of ~1100 nm) exceeds the focal volume 
(~720 nm (1.22 x 835 nm/1.42)) of excitation fields, thus only the interface between 
the bead and the surrounding solvent (D2O) is enhanced along the polarization 
direction of the excitation fields in the annular aperture-detected CARS image [Figs. 
5.7(i) and 5.7(l)]. On the other hand, the annular aperture-detected CARS imaging on 
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the small scatterers (e.g., 300, and 800 nm) significantly suppresses the nonresonant 
solvent background, yielding a 12- to 20- fold improvement in image contrast for 
sub-wavelength scatterers [SBR of ~15 in Figs. 5.7(j); of ~38 in Fig. 5.7(k)]. One notes 
that the annular aperture-detected CARS signal is about one order lower than that of 
conventional CARS, but this unique technique is in favor of imaging small scatterers 
(0.1p < D < 1p), with the signal level comparable to that of epi-detected CARS 
imaging (data not shown). 
 
Fig. 5.7 Comparison of conventional CARS images [(a)-(c)] and annular 
aperture-detected CARS images [(g)-(i)] of 300 nm, 800 nm and 1100 nm 
polystyrene beads immersed in D2O (from left column to right). The 
corresponding intensity profiles across the lines indicated in CARS images are 
shown in (d), (e), (f), (j), (h), and (i), respectively. Raman shift is tuned to the 
aromatic C-H stretching vibration of polystyrene beads at 3054 cm−1. The 
average powers of the pump beam (835 nm) and Stokes beam (1121 nm) on the 
samples are 2 and 0.5 mW, respectively. 
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 The utility of the annular aperture-detected CARS microscopy for high contrast 
vibrational imaging in biomedical systems is also demonstrated. Figure 5.8 shows an 
example of CARS images of unstained human epithelial cells in aqueous environments 
acquired using conventional CARS (a) and annular aperture-detected CARS (b) 
techniques. The corresponding intensity profiles are displayed in Figs. 5.8(c) and 
5.8(d), respectively. Obviously, the annular aperture-detected CARS imaging on the 
epithelial cells significantly removes the nonresonant solvent background, providing a 
much higher contrast [SBR of ~ 20 in Fig. 5.8(d)] as compared to the conventional 
CARS [SBR of ~ 1.2 in Fig. 5.8(c)]. This reconfirms the efficacy of annular 
aperture-detected CARS for effective removal of nonresonant solvent background, 
which is particularly useful for improving the image contrast of small intracellular 
structures in tissue and cells. 
 
Fig. 5.8 CARS images (aliphatic CH stretching vibration at 2870cm-1) of 
unstained human epithelial cells in aqueous environment: (a) conventional 
CARS, (b) annular aperture-detected CARS. (c) and (d) are the corresponding 
intensity profiles across the lines indicated in the images (a) and (b), 
respectively. The average powers of the pump beam (835 nm) and Stokes beam 
(1098 nm) on the cells are 1.6 and 0.4 mW, respectively. 
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5.2.3 Summary 
It is presented that the unique annular aperture detection scheme in CARS microscopy 
can effectively remove the nonresonant solvent background for high contrast 
vibrational imaging in biomedical systems. One notes that both the annular 
aperture-detected CARS and conventional CARS imaging can be implemented on the 
sample simply by swapping in and out the annular aperture from the forward optical 
path of the CARS microscope, such that the complementary information about the 
bulk and fine structures in cells and tissue can be acquired using the same detector, 
which is much convenient and simple compared to the conventional F-CARS and 
E-CARS imaging that require two separate optical paths and detectors. 
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Chapter 6 Assessment of liver Disease Using 
Integrated CARS and Multiphoton Microscopy 
In this chapter, a unique multimodal nonlinear optical microscopy system for label-free 
biomolecular imaging was developed to monitor the changes of biochemical and 
biomolecular constituents and structures (e.g., hepatic fats, collagen fibrils, and 
hepatocyte morphology) of liver tissue associated with the progression of liver 
steatosis and fibrosis induced in a bile duct ligation (BDL) rat liver model. The 
multimodal nonlinear imaging is a promising technique that can be applied to 
label-free diagnosis of liver diseases. 
6.1 Introduction 
Fatty liver is a common disease representing the excessive triglyceride accumulation in 
hepatocytes [199]. Its pathogenesis includes factors, such as the abuse of alcohol, 
obesity, and resistance to insulin [200]. Among various types of liver disease, 
nonalcoholic fatty liver disease is the most prevalent disease that affects over 10% of 
the world population and more than half in obese people [200]. Further, fatty liver 
disease may develop from subtle steatosis into steatohepatitis, liver fibrosis, cirrhosis, 
and eventually hepatocellular carcinoma (HCC) [199]. Liver fibrosis is another 
common liver ailment that arises from chronic insults to the liver with the 
accumulation of extracellular matrix proteins (mainly collagens), resulting in cirrhosis, 
portal hypertension, liver failure, and HCC [201]. Diagnosis of liver disease at an early 
stage is crucial to improving the survival rates of the patients at high risk. Quantitative 
characterizations of hepatic fatty cells and collagen fibrils in liver tissue are essential 
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to improving early detection of liver fibrosis and steatosis as well as for effective 
clinical treatments. Tissue biopsy with histological examinations currently remains the 
gold standard for assessment of liver diseases, but it is invasive and impractical for a 
mass screen of high-risk patients [202]. Moreover, this method depends on the staining 
efficiency, which may induce uncertainties in the diagnosis. Conventional biomedical 
imaging techniques, such as ultrasonography, computed tomography, and magnetic 
resonance imaging, have been widely used to detect liver disease, but mostly at 
advanced stages [202]. None of these imaging techniques provides sufficient 
sensitivity, spatial resolution, and specificity for detecting and staging liver disease at 
an early stage. 
 Recently, nonlinear optical microscopy imaging techniques, such as two-photon 
excitation fluorescence (TPEF), second-harmonic generation (SHG), and coherent 
anti-Stokes Raman scattering (CARS), which possess many attractive features such as 
three-dimensional (3-D) sectioning capability at submicrometer scale resolutions, deep 
tissue penetration depth, and non-destructiveness with biochemical specificity, have 
emerged as a powerful tool for label-free imaging in cells and tissue [10, 96, 176, 
203-205]. TPEF signals arise from the intrinsic molecules in hepatocyte, such as fiber 
elastins, NAD(P)H, and FAD, emitting intense fluorescence under excitation. These 
molecules are related to the cell metabolism [12], making TPEF microscopy suitable to 
image tissue and cell morphologies [10]. SHG microscopy that is sensitive to the 
noncentrosymmetric microstructures has been utilized to probe collagen fibrils in 
tissue [204, 205]. CARS microscopy that permits selective imaging of specific 
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biomolecular vibrations has proven to be particularly useful for imaging lipid-rich 
structures in biological and biomedical systems [10, 97, 203-205]. Due to the 
differences in contrast mechanisms and biochemical/biomolecular origins involved in 
each nonlinear imaging modality, the rapid acquisition of multimodal nonlinear 
microscopy imaging with spatial colocalization on the same tissue will provide new 
insights into various tissue constituents/structures for better tissue diagnosis and 
characterization. In this study, we report on the implementation of a unique integrated 
CARS and SHG/TPEF microscopy imaging technique developed to monitor the 
changes of biochemical and biomolecular constituents and structures (e.g., hepatic fats, 
collagen fibrils, and hepatocyte morphology) of liver tissue associated with the 
progression of liver steatosis and fibrosis induced in a bile duct ligation (BDL) rat liver 
model. 
6.2 Method 
6.2.1 Animal model and tissue preparations 
Wistar rats were used in this study with an initial weight of 200 g. Animals were 
housed in the Animal Holding Unit of the National University of Singapore (NUS) 
with free access to laboratory chow and drinking water in a 12-h light, 12-h dark 
schedule. The study protocol was approved by the Institutional Animal Care and Use 
Committee at NUS. To induce liver fibro- sis and steatosis, the BDL of rats was 
performed under general anesthesia with ketamine and xylazine [206, 207]. A midline 
abdominal incision was performed to explore the liver and intestines. The bile duct 
was then ligated near the portal veins with silk. The wound was then closed with a 
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double layered tissue closure with vicryl sutures. A total of 18 rats were ligated and 
sacrificed each week from weeks 1 to 6 (n = 3 per week). Three control rats were also 
sacrificed at week 0. The fresh liver tissues harvested were immediately frozen in 
liquid nitrogen, and sectioned into a series of 10 to 20-μm  tissue  slides  in  a  microtome  
cryostat (HM 500 OM, Carl Zeiss, Germany) for multimodal nonlinear microscopy 
imaging. The conventional histopathology on the sectioned liver tissue slides for 
grading liver fibrosis and steatosis were also conducted. To evaluate the penetration 
depth of backward (epi-) CARS imaging, week 6 liver tissues were also excised (∼2 
mm in thickness) in this study. 
6.2.2 Histopathological method 
The 4-μm  thick  liver  tissue  slices  were  stained  with  a  Masson  Trichrome  (MT)  stain kit 
(ChromaView advanced testing, 87019, Richard-Allan Scientific, Thermo Fisher 
Scientific, Wathan, Massachusetts). Liver tissue scoring was performed using a 
modified Ruwart score according to Boigk et al., as there was extensive bile duct 
proliferation noted [208, 209]. Fat-specific staining was done on a sectioned week-6 
liver tissue using standard oil Red O (ORO, Sigma-Aldrich, U.S.A.) stain. 
6.2.3 Multimodal nonlinear optical microscopy 
Figure 6.1 shows the schematic of the integrated multimodal nonlinear optical 
microscopy (including CARS, SHG, and TPEF imaging) platform developed for 
label-free tissue imaging. A 100-femtosecond (fs) Ti:sapphire laser (Mira 900, 
Coherent Inc.) is used as the pump source for SHG and TPEF imaging. For CARS 
imaging, the fs laser beam is divided into two parts by a beam splitter: one beam works 
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as the pump beam; the other beam is used to pump an optical parametric oscillator 
(OPO) (Coherent Inc.) to produce the Stokes beam for CARS microscopy. A dual 4-f 
paired-grating spectral filtering (inset in Fig. 6.1) was employed to enable readily 
conversion of the 100-fs laser pulse trains into transform-limited 1-picosecond (ps) 
pulses in the spectral range of 700 to 1600 nm [203]. The spectrally shaped pump and 
Stokes beams are collinearly combined through a dichroic mirror 
(SWP-45-RU1080-TU830, CVI), and delivered into a confocal laser scanning 
microscope (FV300, Olympus) with a customized nondescan epi-detection channel, 
and then focused onto the sample by a microscope objective (UPlanSApo 40×, N.A. 
0.9, Olympus) for high contrast ps-CARS imaging. On the other hand, high quality 
tissue SHG and TPEF images can also be acquired in tandem under the same imaging 
platform by simply swapping the 4-f grating filtering from the ps mode to the fs mode. 
For the forward detection, the nonlinear optical signal radiation from the sample is 
collected by a condenser (U-TLD, NA 0.9, Olympus) and detected by a 
photomultiplier tube (PMT) (R3896, Hamamatsu); for the epi-detection, the signals are 
collected by the same objective used for excitation (UPlanSApo 40×, NA 0.9, 
Olympus) and detected by another PMT (R3896, Hamamatsu). The maximum field of 
view (FOV) in this   study   is   350   ×   350   μm,   which   is   determined   by   the   focusing  
objective (40×) used; but by using lower magnification objectives, a larger FOV can 
also  be  achieved  (e.g.,  700  ×  700  μm  when  using  a  20×  micro- scope objective). The 
throughput of our multimodal imaging system was calibrated using Rhodamine B in 
methanol solution (10-4 M) for TPEF imaging and a cover slip for CARS imaging [210, 
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211]. One notes that the TPEF signal does not interfere with SHG imaging, as the 450- 
to 700-nm bandpass filter is used for TPEF, while the 415-nm bandpass filter (FWHM 
10 nm) for SHG blocks the emission of major fluorophores in liver tissue [e.g., NADH 
and FAD (emission peaks are around 465 and 540 nm, respectively) ] [212]. 
 
Fig. 6.1 Schematic diagram of the integrated fs/ps swappable CARS and 
multiphoton (SHG/TPEF) microscopy developed for label-free tissue imaging. 
The switching between fs/ps laser pulse trains can be readily realized by using 
the 4-f paired grating spectral filtering module. For ps-CARS, the wavelengths 
of pump and Stokes beams are 835 and 1095 nm, respectively; whereas the 
average powers of pump and Stokes beams are 6 and 3 mW, respectively. For 
fs-TPEF and SHG, the excitation wavelength is tuned to 835 nm with an 
average power of ∼10 mW. DM, dichroic mirror; L, lens; M, mirror; GF, paired 
gratings-based filtering module; MO, microscope objective; CO, Condenser; F, 
filter set [700-nm short-pass and 670-nm band-pass (FWHM 10 nm) filters for 
CARS; 450 to 700-nm bandpass filter for TPEF; 415-nm band- pass (FWHM 10 
nm) filter for SHG]; PMT, photomultiplier tube; G, grating; S, slit. 
6.2.4 Image acquisition and data processing 
The single-plane and 3D images of all three nonlinear microscopy imaging modalities 
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(i.e., CARS/SHG/TPEF) were acquired from 20-μm   sectioned   liver   tissue   slides   for  
visualization and quantitative analysis. Single-plane images were acquired at 10-μm  
below the tissue surface, whereas the 3D images were acquired from the tissue surface 
down  to  20  μm  with  0.5  μm  intervals.  The field of view of the image was 300 × 300 
μm.   Five   different   sites   for   each   sectioned   tissue   were   imaged   and   averaged   for  
intensity analysis. Each image (512 × 512 pixels, 2.71 s/image) was averaged for 5 
times for achieving better signal to noise. During the image acquisition, the powers of 
pump and Stokes laser beams and the PMT gain were kept unchanged for each 
individual imaging modality. In ps-CARS imaging, background removal was done by 
subtracting the nonresonant images (taken at Raman shift of 2945 cm-1) from the 
resonant images (taken at 2845 cm-1) [203]. For fs-SHG imaging, the background was 
removed by subtracting a prerecorded back- ground image. The fs-TPEF images were 
not post-processed. To quantify the imaging results, the projection was first calculated 
by adding up all the images in a single 3D scanning; then the intensities of all pixels in 
the projection image were summed up to get the overall intensity value. One notes that 
the CARS intensities can be used to estimate the hepatic fat content (nfat) by using the 
equation ,fat R NRn I I   where IR and INR denote the resonant (Raman shift at 2845 
cm-1 for CH2 vibration) and nonresonant (2945 cm-1) CARS intensities, respectively 
[176], while SHG intensity can be used to evaluate the collagen content in tissue [205], 
and TPEF intensity can be used to estimate the volume occupied by healthy 
hepatocytes related to cell metabolism. [12]. 
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6.3 Results and Discussions 
6.3.1 Comparison between multimodal and histopathological images 
Figure 6.2 shows the comparisons between the histopathologically stained tissue 
images [Figs. 6.2(a) and 6.2(c)] and the corresponding CARS/SHG/TPEF images [Figs. 
6.2(b) and 6.2(d)] of 10-μm sectioned tissues from week 6 BDL liver tissue samples. 
The TPEF image [Fig. 6.2(a)] of the sectioned liver tissue with lipid-specific ORO 
staining agrees very well with the CARS image [Fig. 6.2(b)] of the same tissue sites 
without staining, confirming that CARS imaging can directly probe hepatic lipid 
droplet distributions in liver steatosis tissue without labeling. Similarly, the collagen 
fiber distributions shown in blue color in the MT-stained liver tissue have also 
correlated well with the SHG signals of the same tissue sites [green color in Fig. 
6.2(d)], affirming the utility of the SHG technique for label-free imaging of collagen 
fibers in liver fibrosis tissue. Note that TPEF signals of liver tissue [magenta color in 
Fig. 6.2(d)] reveal the hepatocyte morphologies which coincide with the MT-stained 
tissue image [dark red and red colors in Fig. 6.2(c)]. Hence, multimodal nonlinear 
optical microscopy (i.e., CARS/SHG/TPEF) imaging can effectively identify specific 
biochemical compositions and cell morphologies of liver tissue without labeling. 
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Fig. 6.2 Comparisons between stained tissue images and the corresponding 
CARS/SHG/TPEF images of 10-μm   sectioned   liver   tissues   of   a  week-6 BDL 
tissue sample. (a) Fat-specific ORO-stained TPEF image; (b) CARS image of 
the same tissue site without staining; (c) image obtained from a conventional 
MT stained liver tissue (blue color represents connective tissue such as collagen 
in liver; dark red and red colors show nuclei cytoplasm), and (d) merged 
SHG/TPEF image of the same liver tissue site (SHG: green color; TPEF: 
magenta color). Note that all images are taken in the forward direction. The 
scale bar in each image is 100 μm. 
6.3.2 Qualitative assessment of liver diseases 
Figure 6.3 shows the comparison of multimodal images of the control (normal) 
sectioned liver tissue (images in the first row of the panel from tissue in week 0) and 
pathologic liver tissues (images in rows 2 to 7 of the panel acquired from sectioned 
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liver tissues in weeks 1 to 6, respectively, after BDL surgery). There are no significant 
hepatic lipids and collagen fibrils accumulations in normal liver tissue, as confirmed 
by CARS [Fig. 6.3(a1), symmetric CH2 stretch vibration of hepatic lipids at 2845 cm-1] 
and SHG [Fig. 6.3(a2)] images; and the hepatocyte morphologies remain regular 
distributions as identified by TPEF [mainly arising   from   NAD(P)H   and   flavins’  
autofluorescence [203]] in normal liver tissue [Fig. 6.3(a3)]. However, after the BDL 
surgery, the accumulations of hepatic lipid droplets and aggregated fibrillar collagen 
are clearly identified in CARS [Figs. 6.3(b1)-6.3(g1)] and SHG images [Figs. 
6.3(b2)-6.3(g2)]; the hepatocyte morphologies become severely irregular (probably 
due to the bile ducts proliferation associated with severe hepatocyte necrosis [205]) as 
shown by the TPEF images [Figs. 6.3(b3)-6.3(g3)]. It is also observed that a large 
quantity of hepatic lipid droplets and collagen start to appear in the BDL liver tissue 
from week 3 onwards [Figs. 6.3(d1)-6.3(g1), 6.3(d2)-6.3(g2)]. The merged images 
(CARS, SHG, and TPEF) of normal and BDL liver tissues [Figs. 6.3(a4)-6.3(g4)] 
confirm that both liver steatosis and fibrosis can be effectively induced by the bile duct 
ligation surgery in the rat liver model. The collagen fibers are more preferentially 
generated in the regions where the hepatocyte morphologies are destroyed, which are 
also confirmed by histopathology image [Fig. 6.2(c)]; whereas the distribution of 
hepatic lipid droplets does not show the similar trend in fibrotic liver tissue. The above 
results suggest that the integrated CARS and multiphoton imaging can be used to 
directly assess the progression of liver tissue changes associated with liver disease (e.g., 




Fig. 6.3 Comparison of multimodal images of the control (normal) sectioned 
liver tissue (images in the first row of the panel from tissue in week 0) and 
pathologic liver tissues (images in rows 2 to 7 of the panel are acquired from 
sectioned liver tissues in week 1 to 6, respectively, after BDL surgery): Images 
[(a1)-(g1)] in the first column represent ps-based CARS images of lipid droplets 
(red); images [(a2)-(g2)] in the second column are fs-based SHG images of 
collagen fibrils (green) in liver tissue; images [(a3)-(g3)] in the third column 
stand for fs-based TPEF images of hepatocytes (magenta), and images 
[(a4)-(g4)] in the fourth column are the overlay of multimodal images 
(CARS/SHG/TPEF)  of  sectioned  liver  tissues.  Note  that  the  scale  bar  is  100  μm;;  
and images were taken at 10-μm  depth  of  the  sectioned  tissues. 
 Further, the 3D biochemical distributions in liver tissues can also be readily 
observed by imaging into different tissue depths using the integrated 
CARS/SHG/TPEF imaging technique. Video 6.1 shows an example of 3D intensity 
distributions of CARS, SHG, and TPEF signals in a 20-μm  sectioned  normal  (control)  
rat liver tissue recorded in the forward direction. The normal hepatocytes visualized by 
TPEF signals are uniformly distributed throughout the normal tissue; whereas almost 
no CARS and SHG signals can be found, indicating no formation of hepatic lipid 
droplets and collagen fibrils in normal liver tissue. As a comparison, Video 6.2 shows 
an example of 3D distributions of hepatic lipid droplets (red color in CARS images), 
collagen fibrils (green color in SHG images), and cell morphologies (magenta color in 
TPEF images) in a 20-μm  sectioned  liver  tissue  in  week  6  after  BDL  surgery.  We  can  
observe that TPEF signal intensities are much lower than that in the control tissue. The 
dark areas with weak TPEF intensities show the degenerated hepatocytes due to the 
lack of fluorescent molecules; and the bile duct proliferation is also revealed by the big 
black holes in the images (Video 6.2). CARS and SHG signals show that the 
aggregated collagen fibrils are highly cross-linked each other, forming the 3D 
networks   ranging   from   5   to   20  μm in thickness in BDL liver tissue, while the lipid 
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droplets tend to randomly dis- tribute across the collagen networks in BDL liver tissue 
within 10-μm  thickness.  The  pathological development of liver steatosis and fibrosis, 
including hepatic lipid droplets, collagen fibers, bile duct, and hepatocyte 
morphologies, can be clearly visualized using the integrated CARS and multiphoton 
microscopy. Thus, the multimodal nonlinear microscopy imaging technique provides a 
novel label-free approach for sensitively probing different biochemical changes of 
tissue in 3D with high spatial resolution. 
 
Video 6.1 Representative three-dimensional colocalized (CARS/SHG/TPEF) 
images of normal liver tissue, revealing the hepatic lipid droplets (red color in 
CARS image), aggregated collagen fibrils (green color in SHG), and hepatocyte 
morphologies (magenta color in TPEF) in the control rat liver model (week 0). 
The  overall  thickness  of  the  3D  sectioned  image  of  liver  tissue  is  about  20  μm  
with a scanning interval  of  0.2  μm.  Image size:  250  ×  200  ×  20  μm [213]. 
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Video 6.2 Representative three-dimensional colocalized (CARS/SHG/TPEF) 
images of pathologic liver tissues, revealing the hepatic lipid droplets (red color 
in CARS image), aggregated collagen fibrils (green color in SHG), and 
hepatocyte morphologies (magenta color in TPEF) in the BDL rat liver model 
(week 6). The overall thickness of the 3D sectioned image of liver tissue is ∼20 
μm  with  a  scanning  interval  of  0.2  μm.  Image  size:  250  ×  200  ×  20  μm [214]. 
6.3.3 Quantitative assessment of liver diseases 
To quantify the formation of hepatic fat and collagen fibrils as well as the hepatocyte 
necrosis induced by BDL in rat liver tissue, we calculated CARS, SHG, and TPEF 
intensities from the forward-detected CARS/SHG/TPEF images acquired at each week 
after BDL surgery. Figure 6.4(a) shows the changes of the contents of hepatic lipid 
droplets (the square root of CARS intensity), collagen fibrils (SHG intensity), and 
TPEF intensity in a BDL rat liver tissue at different time after BDL. The content of 
collagen fibers in a BDL rat liver tissue increases to over 4 folds at week 1 with 
respect to week 0, and keeps increasing up to ∼20-fold higher in week 6; while the 
TPEF intensity keeps decreasing to half of that in week 0. These changes indicate that 
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liver fibrosis occurs immediately after BDL operation and becomes more severe with 
the elapse of time; whereas the volume of normal hepatocytes keeps decreasing from 
weeks 1 to 6 (down to the value only half of that of the control liver tissues due to the 
hepatocyte degeneration and bile duct proliferation). But the lipid concentration 
increases to a maximum in week 4 (∼30-fold higher in week 4 as compared to week 0), 
and then appears to stop growing and slightly decrease from weeks 4 to 6. The findings 
suggest that liver steatosis and fibrosis induced in the BDL rat liver model may 
develop in different rates. We have also evaluated the correlation of SHG intensities 
with conventional histopathological scores of liver fibrosis [Fig. 6.4(b)]. A highly 
linear relationship [dashed fit line in Fig. 6.4(b): ISHG = 0.84Iscore-1.16; correlation 
coefficient R2 = 0.99] between SHG intensity versus histopathology scoring is 
observed. The similar linear relationship between CARS intensities versus Oil Red O 
staining intensities has also been found [Figs. 6.2(a) and 6.2(b)]. These findings 
reconfirm that SHG and CARS imaging can be employed to effectively estimate the 
collagen and lipid contents in liver tissue without staining, yielding the similar results 
as conventional histopathological methods. 
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Fig. 6.4 (a) Changes in the contents of hepatic lipid droplets (the square root of 
CARS intensity), collagen fibrils (SHG intensity), and TPEF intensity in a BDL 
rat liver tissue with different time durations after BDL. (b) Correlation of SHG 
intensities with conventional histopathological scores of liver fibrosis. The fitted 
curve (dashed line) confirms the highly linear relationship (ISHG = 0.84Iscore-1.16; 
correlation coefficient R2 = 0.99) of SHG versus histopathology scoring. Note 
that the error bars indicate the standard deviations (SD) of CARS, SHG, TPEF 
signals, and histopathological scores measured on the sectioned liver tissues; 
week 0 represents the control group, and weeks 1 to 6 denote the progression of 
liver disease at different time points after BDL surgery. 
6.3.4 Considerations for in vivo applications of multimodal nonlinear 
optical microscopy 
 To extend multimodal nonlinear optical microscopy imaging into possible in vivo 
biomedical applications, one of the imaging concerns is how deep and how much the 
nonlinear optical signals can be detected in the epi-direction. TPEF emission is 
nondirectional and can be easily collected in the epi-direction. Generally, most CARS 
and SHG signals from cells and tissue are in the forward direction due to the 
phase-matching conditions. The epi-signals are usually very weak because of the 
destructive interference, but the epi-CARS signals from the fine structures and 
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interfaces can still be detectable due to the incomplete destructive interference. The 
epi-CARS and SHG signals from thick tissue may still be detectable, as the generated 
forward nonlinear optical photons may encounter multiple scatterings in tissue, 
eventually redirecting CARS/SHG signals back into the epi-direction. To prove the 
above, an epi-detected 3D CARS scanning of a 2-mm thick liver tissue was performed. 
Video 6.3 shows the depth-resolved resonant CARS images acquired from the surface 
down to 70-μm  depth  of   the   liver   tissue.  The   large   lipid  droplets   (of  up   to  10  μm  in 
size) have strong epi-CARS intensities due to the multiple scatterings of 
forward-propagating CARS photons. Another observation is that the CARS intensity 
first increases with the increasing scanning depth; then decreases gradually with tissue 
depth, but disappears after 66-μm  depth.  This  probing  depth   is  much   shallower   than  
that   in   the   mouse   ear’s   skin   (125   μm) [95] probably due to a one-fold higher 
absorption coefficient in liver tissue as compared to skin tissues [215]. The major 
absorption in liver tissues arises from hemoglobin because of the widely distributed 
liver vasculature systems. SHG signals can also be detected in the epi-direction within 
a similar depth range in liver tissue (data not shown). However, due to the nonuniform 
biochemical distributions in biomedical tissue, Monte Carlo simulations on 
propagation of CARS/SHG photons in liver tissue should be conducted to more 
accurately evaluate how deep the nonlinear optical signals can be probed in tissue in 
the epi-detection mode [216]. Of course, to further move the integrated CARS and 
multiphoton microscopy imaging for noninvasive or minimally invasive liver tissue 
diagnosis and characterization, the development of a fiber-based ultrafast pulse laser 
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system together with a rapid light scanning mechanism and miniaturized fiber probe 
design for effective excitation light delivery and tissue CARS/SHG/TPEF signals 
collection at laparoscopy is highly desirable [217-220]. 
 
Video 6.3 Video showing epi-CARS imaging acquired from different depths (0 
to 70-μm)  of  a  2-mm thick BDL liver tissue in week 6. Image size: 190 × 190 × 
70  μm [221]. 
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Chapter 7 Conclusions and Future Directions 
7.1 Conclusions 
In this thesis, we studied the effects of nanoparticle sizes, orientations and polarization 
of excitation on near-field CARS imaging using the finite-difference time-domain 
(FDTD) technique. Based on the simulation results, we developed a radially polarized 
near-field tip-enhanced CARS (TE-CARS) imaging system for high-contrast 
vibrational imaging at nanometer scale and a unique annular-aperture detection scheme 
for improving the contrast of CARS imaging by suppressing the nonresonant solvent 
background. Furthermore, we developed an integrated CARS/SHG/TPEF multimodal 
nonlinear optical imaging platform for quantitative assessment of liver 
fibrosis/steatosis in a rat bile-duct-ligation (BDL) model. The results are summarized 
as follows: 
1) We applied the FDTD method to study the effects of the excitation light 
polarization,  the  scatterers’  sizes  and  orientations  in  water  on  the  near-field CARS 
signal generations. The results show that to acquire better image contrast and larger 
near-field CARS signals, the scatterers with diameters of less than three-eighths of 
the pump field wavelength (λp) are preferable to be oriented along the polarization 
direction of the excitation light fields due to the stronger electric field enhancement 
than  that  with  other  orientations.  It  is  also  found  that  when  the  scatterers’  sizes  are  
smaller than half a wavelength of the pump field, the perpendicular polarization 
component of the induced near-field CARS radiations is strictly confined within 
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the regions at the scatterer-water interface or the subsurface of scatterers due to the 
light scattering by the sample, yielding a high image contrast (up to 200) with a 
spatial  resolution  of  λp/16, which may be useful for high sensitive and high contrast 
molecular imaging in cells with nanoscale resolutions. 
2) We also studied the effect of different polarization status of the excitation light on 
the near-field CARS imaging by the FDTD method. The results show that in a 
uniform medium (water), the full width at half maximum (FWHM) (transverse 
resolution) of radially polarized near-field CARS (RP-CARS) radiation is 
approximately 7.7% narrower than that of linearly polarized near-field CARS 
(LP-CARS) imaging, whereas the depth of focus (DOF) of RP-CARS radiation is 
6.5% longer than LP-CARS. However, with the presence of scatterers in the 
uniform medium, the FHWM and DOF of near-field RP-CARS radiation become 
23% narrower and 39% shorter than near-field LP-CARS. These results indicate 
the ability of RP-CARS for high-contrast and high-resolution nano-scale 
vibrational imaging. 
3) Directed by the simulation results, we developed a radially polarized near-field 
CARS system to improve the contrast and spatial resolution of CARS microscopy. 
We proposed an approach to fast and precisely position the tip at the focus of the 
excitation light with the assistance of the integrated laser-scanning confocal 
function. Aperture-less NSOM images clearly reveal the difference between using 
linearly and radially polarized excitations, which are consistent with the simulation 
results. The spatial resolution was characterized to be 42 nm. The near-filed 
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TE-CARS imaging shows that the signal intensity can be increased 5.7 times and 
the signal-to-background ratio can be improved 24 times by applying radially 
polarized excitations. 
4) We developed a unique annular aperture detection scheme for effective suppression 
of nonresonant background in CARS imaging. The results show that the resonant 
CARS signal to nonresonant background ratio (SBR) can be improved by 20 folds 
in LP-CARS and 115 folds in RP-CARS when an annular aperture size of 0.9 
(related to the objective diameter) is selected for imaging the scatterers with 
diameters close to the excitation wavelength. This technique was demonstrated by 
imaging 300 to 1100 nm polystyrene beads and human epithelial cells in aqueous 
environments. 
5) We developed an integrated femto-/pico-second switchable CARS/SHG/TPEF 
multimodal nonlinear imaging system and applied it to the diagnosis of liver 
fibrosis/steatosis in a rat BDL model by analyzing the changes of cell morphology 
and biochemical contents with time after the BDL surgery. CARS/SHG/TPEF 
imaging shows that there are significant accumulations of hepatic lipid droplets 
and collagen fibrils associated with severe hepatocyte necrosis in BDL rat liver as 
compared to a normal liver tissue. The volume of normal hepatocytes keeps 
decreasing and the fiber collagen content in BDL rat liver follows a growing trend 
until week 6; whereas the hepatic fat content reaches a maximum in week 4 and 
then appears to stop growing in week 6, indicating that liver steatosis and fibrosis 
induced in a BDL rat liver model may develop at different rates. Quantitative 
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assessment of the collagen contents shows a highly linear relationship (correlation 
coefficient R2 = 0.99) between the SHG intensities and conventional histological 
scores of liver fibrosis. These results confirms that the integrated 
CARS/SHG/TPEF multiphoton microscopy imaging technique has the potential to 
provide an effective means for early diagnosis and detection of liver steatosis and 
fibrosis without labeling. 
7.2 Future Directions 
This thesis systematically studied the near-field effects of scatterers’ sizes, orientations, 
and polarization of excitation on near-field CARS imaging. We have developed a 
radially polarized near-field TE-CARS system for high-resolution vibrational imaging, 
a unique annular-aperture detection scheme for suppressing the solvent background, 
and an integrated CARS/SHG/TPEF multiphoton microscopy imaging technique for 
label-free disease diagnosis. Based on these results, several ideas are proposed for 
future studies: 
1) Radially polarized tip-enhanced multimodal nonlinear microscopy 
The integrated CARS and multimodal nonlinear microscopy has been proven to be a 
powerful imaging tool for liver disease diagnosis in the tissue level. However, to image 
a single organelle or biomolecule, for example, mitochondrion or DNA, nano-scale 
spatial resolution is necessary. As the near-field TE-CARS microscopy has been 
studied and realized in this thesis, it would be interesting to combine aperture-less 
NSOM with other nonlinear optical imaging modalities (SHG/TPEF/THG) for 
label-free disease diagnosis in the molecular level. 
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2) Miniaturization of NLO microscope for in vivo application 
Although the NLO (e.g., CARS, SHG, TPEF, etc.) microscopy has many advantages in 
disease diagnosis, e.g., 3-D imaging capability, noninvasive and label-free, it requires 
cumbersome and high-cost ultra-short pulsed lasers for excitation and the complicated 
optical setups, which are the major obstacles for its wide application. To solve these 
problems, the portable fiber-based ultra-short pulsed laser provides a promising 
low-cost solution for the excitation source with great flexibility [99, 101]. Another 
possibility to simplify current NLO system for in vivo application is to design a 
miniaturized fiber probe for effective delivery of the excitation light and collection of 
NLO signals with integrated laser scanning mechanism [218, 219]. It can be 
anticipated that the label-free NLO technique may realize fast disease diagnosis with 
improved accuracy by its inherent chemical sensitivity and non-invasive nature. 
3) Stimulated Raman scattering microscopy 
Compared with spontaneous Raman, CARS has much stronger signal intensity, 
diffraction-limited spatial resolution, fast 3-D imaging capability and many other 
advantages; however, the nonresonant background remains a problem, limiting its 
ultimate sensitivity. Stimulated Raman scattering (SRS) imaging utilizes the 
second-order nonlinear process, which detects either the stimulated Raman gain of the 
Stokes beam, or the stimulated loss of the pump beam in the stimulated Raman process. 
The weak signal can be detected by a lock-in amplifier. Compared with CARS, SRS 
has the advantage that it is background free and its intensity is proportional to the 
concentration of Raman scatterers, making it easier to interpret the chemical contrast. 
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SRS microscopy may be easily realized based on a CARS microscope by inserting a 
modulation to the excitation beam and a lock-in amplifier to the detection part, which 
can be another useful NLO modality for label-free vibrational imaging of tissues and 
cells. 
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